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CHkPTBB  XI 


II.  THE  KINETICS  OP  ATMOSPHERIC  RADIATIVE  PROCESSES 
IN  THE  INFRARED 


J.P.  Kennealy  and  P.P.  Del  Gceco,  Air  Force  Canbridge  Research 
Laboratories  (Latest  Revision  June  1983,  T.L.  Stephens.  Ed.. 

Physical  Research.  Inc.}. 


11 . 1  INTRODUCTION 

In  the  normal  atmosphere,  stable  molecular  species  such  as  water 
vapor,  ozone,  carbon  dioxide  and  nitrous  oxide  are  recognized  sources 
of  infrared  radiation.  Figure  11-1  (Reference  11-1)  is  a  composite 
emission  spectrum  of  the  atmosphere  obtained  looking  vertically  from 
an  aircraft  at  an  altitude  above  most  of  the  water  vapor.  In  dis¬ 
turbed  atmospheres,  wide  ranging  and  persistent  perturbations  of  the 
infrared  radiation  from  naturally  occurring  species  are  to  be  ex¬ 
pected.  If  the  perturbing  source  is  a  nuclear  detonation,  the  new 
species  generated  by  weapon/air  interactions  may  also  give  rise  to 
radiation  as  shown  in  Figures  11-2  and  11-3  (Reference  11-2) . 

The  radiation  shown  in  Figure  11-1  arises  because  infrared  ac¬ 
tive  molecules  are  held  in  local  thermodynamic  eguilibrium  (LTE)  at 
low  altitudes  in  the  atmosphere:  the  features  are  seen  as  emission 
against  the  cold,  black  background  of  space.  Figures  11-4  and  11-5 
(Reference  11-3)  are  the  complementary  view  from  space  where  the 
earth's  black  body  radiance  is  modified  by  the  absorption/emission 
of  the  intervening  atmosphere  at  a  lower  temperature.  Interpretation 
of  spectra  such  as  these  is  an  active  field  of  research,  including 
the  remote  sounding  of  the  atmospheric  composition  and  altitude  pro¬ 
files  by  rocket  probes  and  satellites.  Just  as  the  atmosphere  ob¬ 
scures  the  earth  in  Figures  11-4  and  ll-S,  it  can  also  reduce  the 
visibility  of  an  objector  phenomenon  of  interest.  It  is  not  suffi¬ 
cient  to  treat  the  atmosphere  as  an  LTE  radiator;  nonequilibrium 
radiation  generated  high  in  the  atmosphere  must  be  accounted  for. 
Subsequent  sections  of  this  chapter  will  discuss  the  important 
mechanisms  of  vibrational  excitation,  both  collisional  and  radia¬ 
tive.  which  give  rise  to  the  vibration-rotation  IR  emissions  in 
the  atmosphere. 

11.2  THERMAL  RADIATION  PROCESSES 

The  LTE  radiation  shown  in  Figure  11-1  arises  from  the  thermal 
or  collisional  excitation  of  infrared  active  molecules.  In  LTE.  the 
emission  from  the  atmosphere  is  quantitatively  related  to  the  absorp¬ 
tivity  of  the  atmospheric  gases.  According  to  the  Kirchoff  radiation 
law.  the  spectral  radiance  of  an  isothermal  column  of  gas  at  temper¬ 
ature  T  is 

Nx  =  AxBx(T)  (W  cm-2st-lum-l)  (11-1) 
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Figure  11-1,  Normal  airglow  spectrum  obtained  near  Hawaii.  19  April  1970 
(Reference  11- 1). 
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Figure  11-3.  Infrared  spectrum  of  a  high-altitude  nuclear  detonation  in  the 
3-6  micron  region  (Reference  11-2). 
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Figure  11-5.  Earthshine  in  the  1000-1450  cm“^  region  (Reference  11 
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where 


B>,(T) 


s  the  absorption  of  the  column  of  gas  at  wave¬ 
length  X 

the  Planck  blackbody  spectral  emission  func¬ 
tion  at  temperature  T  and  wavelength  X. 


Infrared  molecular  absorption  bands  are  composed  of  hundreds  of 
Individual  absorption  lines,  each  associated  with  the  transition  of 
the  absorbing  molecule  between  a  pair  of  vibration-rotation  levels. 

The  absorption  coefficient  k(v)  which  describes  the  attenuation 
of  a  beam  of  light  by  an  individual  absorption  line  has  a  maximum  at 
the  central  wavenumber  Vq  and  decreases  as  the  distance  from  line 
center  increases.  If  k|t(^o)  the  absorption  coefficient  at  line 
center,  the  absorption  coefficient  at  some  other  wave  number  \>  is. 
for  Lorents-shaped  lines  (typical  of  atmospheric  gases  at  low 
altitudes) : 


SftYL 

w  (»-Wo)2  +  yf 


kt(vo)-yL 

(v-o2  +  ^2) 


(11-2) 


and  for  Doppler-shaped  lines  (typical  of  altitudes  above  about  30  km: 


k4(v) 


Sft  v/iin2 


(11-3) 


In  these  expressions,  is  the  integrated  line  strength,  which  is 
expressed  in  units  of  wave  numbers  and  is  given  by 


kj(w)dw 


(11-4) 


The  half  widths  and  yx)  above  expressions  are  defined  as  one- 

half  of  the  total  width  of  the  line  between  the  points  where  kjx(v) 
is  equal  to  one-half  the  value  it  has  at  the  central  wave  number. 

For  pressure-broadened  spectral  lines,  the  Lorentz  half-width  is 
given  by: 


'l  -E  '■i  • 


(11-5) 


where  Pj^  is  the  pressure  in  atmospheres  of  the  i'th  gas  of  a  mix¬ 
ture  and  y9  is  the  broadening  coefficient  for  that  particular  gas 
in  cm~^/atn. 
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The  Doppler  width  in  ca~i  can  be  calculated  from  the  expression 

-7  [x 

y  Vi  ' 


v' 


2kTin2 


-  3.58  X  10 
o 


(11-6) 


T  is  in  degrees  Kelvin  and  N  is  the  mass  of  the  emitter  in  atomic 
mass  units,  or  molecular  weight. 

For  an  absorption  band,  the  integrated  band  strength  S  is  the 
sum  of  all  the  line  strengths  S^.  or  equivalently. 


k(u)dv 


where  lc(v)  is  the  absorption  coefficient  summed  over  all  contribu¬ 
ting  molecular  lines. 

Band  strengths  s  for  a  number  of  gas  species  of  atmospheric  in¬ 
terest  are  shown  in  Table  11-1.  In  the  gas  phase  it  is  customary  to 
relate  band  strengths  to  the  column  density  of  absorbers  measured  in 
atm-cm;  hence  the  dimensions  for  S  are  cm'^Catm-cm)'^,  often  are 
written  confusingly  as  cm''2atm''i.  The  atm-cm  unit  is  based  on  the 
conventional  standard  temperature  and  pressure  (STP)  gas  at  273  K  and 
one  atmosphere  pressure,  hn  equivalent  unit  for  the  Integrated  band 
strength  is  cm''l(Amagat-cm}~^  where  an  Amagat  has  Loschmidt's  number 
of  absorbers  cm~3.  The  integrated  band  strength  S  is  related  to  the 
Einstein  spontaneous  transition  probability  A  by  the  expression 

S  «  0.357X^  A. 

where  is  in  microns,  and  to  oscillator  strength  f  by  the  relation 
S  -  2.38xl07f 

In  practice,  calculating  the  radiance  of  a  gas  sample  and  pre¬ 
dicting  its  spectrum  after  transmission  through  an  atmospheric  path 
can  become  a  highly  involved  line-by-line  exercise  in  which  the 
spacing,  broadening,  overlap,  and  optica)  depth  of  the  individual 
rotational  lines  of  the  same,  or  different,  molecules  must  be  taken 
into  account.  Fenner's  book  (Reference  11-4).  although  old,  is  a 
good  starting  reference.  Performing  such  calculations  can  be  expen¬ 
sive.  Some  tools  that  can  make  the  problem  less  burdensome  are  dis¬ 
cussed  below. 


The  LOHTRAN  transmission  code  now  exists  in  a  LOHTRAN  5  (Refer¬ 
ence  11-5)  version  which  is  more  flexible  than  previous  versions  and 
provides  atmospheric  radiance  as  well  as  transmission.  LOHTEUIN  is 
limited  to  20  cm-i  resolution  and  ambient  or  near  ambient  atmospheres. 
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CHAPTER  11 


Table  11-1.  Moleculac  band  data  £oe  species  of  atnospheric 
interest 


Species 

Rotational 

constant 

Ttansition 

Band  Origin 

Band 

Strength 

Einstein 

Coefficient 

<8ec~l) 

Vo(we) 

AIO 

0.635 

1-0 

965 

10.4 

777 

19.7 

CO 

1.923 

1-0 

2143 

4.67 

260 

33.4 

2-0 

4260 

2.35 

2.06 

1.05 

3-0 

6350 

1.58 

0.132 

0.15 

Feo 

0.5108 

1-0 

871 

11.5 

450 

9.58 

NO 

1.699 

1-0 

1876 

5.33 

135 

13.3 

2-0 

3724 

2.69 

2.11 

0.82 

3-0 

5544 

1.80 

4.85 

0.042 

NO* 

1.992 

1-0 

2344 

4.27 

99.2 

13.6 

2-0 

4656 

2.15 

0.6 

0.36 

OH 

18.86 

1-0 

3569.6 

2.80 

51.34 

18.37 

2-0 

6973.6 

1.43 

10.13 

13.82 

UO 

1-0 

820 

12.2 

'‘l 

756 

13.1 

? 

7 

776 

12.9 

880 

11.4 

''2 

7 

7 

780 

12.8 

CO2 

0.39021 

0200-01^0 

618.0 

16.18 

4.69 

0.86 

O220-OII0 

667.8 

14.98 

33.0 

7.10 

Ollo-OOO 

667.4 

14.98 

213.0 

2.66 

lOO-Ollo 

720.8 

13.87 

4.98(-2) 

1.25 

001-100 

961.0 

10.40 

1.59(-2) 

0.63 

001-0200 

1063.8 

9.40 

l.B(-2) 

0.51 

001-000 

2349.2 

4.26 

2706.0 

420 

101-100 

2326.6 

4.30 

0201-0200 

2327.4 

4.30 

0201-000 

3612.8 

2.77 

37.4 

13.7 

10^-000 

3714.7 

2.69 

47.0 

18.1 

^BeCecences 

used  in 

pcepacinq  tbis 

table  are 

listed  at 

its  end.  as 

are  sup- 

pleaentary 

Boucces 

of  useful  data 

that  have 

not  been 

included  in 

the  table. 
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Table  Il-l.  Molecular  band  data  for  spec5.es  of  atmospheric 
interest  (continued). 


Species 

Rotational 

Constant 

Transition 

Band  Otisin 

Band  Einstein 

Strength  Coefficient 

(c*"2at»-l)  (8ec“^) 

Vo(cm-l) 

H^O 

27.877 

020-010 

1556.9 

6.42 

0.17* 

43.2 

14.512 

010-000 

1594.7 

6.27 

317.0 

22.6 

9.285 

020-000 

3151.6 

3.19 

1.8 

0.5 

100-000 

3657.1 

2.73 

22.0 

8.3 

001-000 

3755.6 

2.66 

214.0 

84.7 

110-000 

5234.9 

1.91 

0.479 

0.37 

011-000 

5331.2 

1.88 

24.61 

19.5 

8.0012 

ClO-000 

750 

13.33 

0.43364 

100-000 

1320 

7.57 

0.41040 

OOl-COO 

1617 

6.18 

2248.0 

164.0 

101-000 

2908 

3.44 

66.0 

15.6 

O3 

3.55368 

010-000 

701 

14.2 

18.0 

0.25 

0.445281 

001-000 

1042 

9.60 

350.0 

10.7 

0.39457 

100-000 

1103 

9.07 

10.4 

0.35 

020-000 

1400 

7.14 

011-000 

1728 

5.79 

1.35 

0.11 

110-000 

1792 

5.59 

0.54 

0.05 

002-000 

2043 

4.85 

101-000 

2110 

4.73 

32.0 

4.0 

111-000 

2779 

3.60 

0.66 

0.14 

003-000 

3042 

3.29 

3.0 

0.78 

102-000 

3076 

3.25 

201-000 

3181 

3.14 

0.33 

0.094 

NH3 

9.4443 

'’2 

951 

10.52 

605.0 

15.3 

6.196 

% 

1628 

6.14 

110.0 

8.23 

'’l 

3336 

3.0 

20.0 

6.2 

% 

3443 

2.90 

13.0 

4.3 

Vi+v^ 

4307 

2.32 

3.2 

1.7 

Vi4V3 

4426 

2.26 

21.5 

11.8 

(continued) 
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Taole  11-1.  Molecular  band  data  for  species  of  atmospheric 
interest  (continued). 


Species 

Rotational 

Constant 

Transition 

Band 

origin 

Band 

Strength 

Einstein 

Coefficient 

(8ec“l) 

5.240 

0001-0000 

1306 

7.66 

190.0 

9.09 

0100-000 

1533 

6.52 

2.03 

0.13 

1000-000 

2916 

3.43 

inactive 

0010-000 

3019 

3 . 31 

324.0 

82.7 

0020-000 

6006 

1.67 

1.76 

1.78 

HNO^ 

879 

11.38 

667.0 

14.4 

'>4 

1325 

7.55 

1290.0 

63.5 

1712 

5.84 

1388.0 

114.0 

N-0 

0.419011 

010-000 

588.8 

16.99 

33.0 

0.32 

2 

02®0-000 

1168.1 

8.56 

11.0 

0.42 

100-000 

1284.9 

7.78 

265.0 

12.2 

11^0-000 

1880.3 

5.32 

0.41 

0.04 

001-000 

2223.8 

4.49 

1846 

256.0 

12®0-000 

2462.0 

4.06 

10.4 

1.77 

200-000 

2563.3 

3.90 

44.0 

8.1 

01^1-000 

2798.3 

3.57 

2.42 

0.53 

02°1-000 

3365.0 

2,97 

1.91 

0.61 

11^1-01^0 

3473.2 

2.88 

4.68 

i.sa 

101-000 

3480.8 

2.87 

40.4 

13.7 

002 -coo 

4417.4 

2.2G 

1.70 

0.93 

7J1.C00 

4730.8 

2.11 

0.098 

0.062 

Metal  Oxides  (MO,  FeO,  UP,  UO2) 

Abramowitz.  S.,  N.  Acquista,  and  K.R.  Thompson,  "The  Infrared  Spec¬ 
trum  of  Matric  Isolated  Uranium  Monoxide"  J.  Phys.  Chem.  75,  2283 
(1971) , 

Barrow.  R.F. .  and  M.  Senior.  "Ground  State  of  Gaseous  FeO"  Nature 
223.  1359  (1959). 


Fissan,  H. .  and  K.G.P.  Sulzmann.  "Absorption  Coefficients  for  the 
Infrared  Vibration-Rotation  Spectrum  of  FeO".  J.Q.S.R.T.  12,  979 
(1972)  . 

sulzmann,  K.G.P. ,  "Relative  Spectral  Absorption  Coefficients  for 
the  Fundamental  Rotation-Vibration  Bands  at  AlO".  J.Q.S.R.T.  13 . 
931  (1973). 
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Table  11-1.  Molecular  band  data  for  species  of  atmospheric 
Interest  (continued). 


Sulzmann,  K.6.P.,  "Shock  Tube  Measurements  of  the  f~number  for  the 
Fundamental  Vibration-Rotation  Bands  of  AlO  in  the  Electronic 

Ground  State"  J.Q.S.R.T.  15.  313  (1975). 

Von  Rosenberg,  C.W..  Jr.  and  K.L.  Wray.  "Shock  Tube  Studies  on 
Fe(Co)5  +  O2:  llu  FeO  Emission  and  Kinetics.  J.Q.S.R.T.  12.  531 
(1972) . 

Carbon  Monoxide  (CO) 

Bouanich.  Jean-Pierre.  and  C.  Haeusler.  “Linevidths  of  Carbon  Monox¬ 
ide  Self-Broadening  and  Broadened  by  Argon  and  Nitrogen,"  J.Q.S.R.T. 
12,  695  (1972). 

Bouanich.  J.,  and  C.  Brodbeck,  "Mesure  des  Largeurs  et  des  Desplace- 
ments  des  Rales  de  la  Bande  0-2  de  CO  Autoperturbe  et  Perturbe  par 
N2.  ©2.  H2.  HCl.  NO  et  CO2."  J.Q.S.R.T.  13.  1  (1973). 

Draegert,  D.A. .  and  D.  Williams.  "Collisional  Broadening  of  CO  Ab¬ 
sorption  Lines  by  Foreign  Gases."  J.  Opt.  Soc.  Amer.  5^.  1399  (1968). 

Korb.  C.C.,  R.H.  Hunt,  and  E.K.  Plyler.  "Measurement  of  Line 
Strengths  at  Low  Pressure  --  Application  to  the  2-0  Band  of  CO, " 

J.  Chem.  Phys.  48,  4252,  (1968). 

Kostkowski,  H.J..  and  A.M.  Bass.  "Direct  Measurement  of  Line 
Intensi-  ties  and  Widths  in  the  First  Overtone  Band  of  CO," 

J.Q.S.R.T.  1,  177  (1961). 

Rank.  D.H. ,  A.G.  St.  Pierre,  and  T.A.  Wiggins,  "Rotational  and  Vibra¬ 
tional  Constants  of  CO."  J.  Mol.  Spect.  18.  418  (1965). 

Toth.  R.A.,  R.H.  Hunt,  and  E.K.  Plyler.  "Line  Intensities  in  the  3-0 
Band  of  CO  and  Dipole  Moment  Matrix  Elements  for  the  CO  Molecule." 

J.  Mol.  Spect.  32.  85  (1969). 

Varanasi.  P.,  "Line  Width  Measurements  of  CO  in  an  Atmosphere  of 
CO2,"  J.Q.S.R.T.  11,  249  (1971). 

Weinberg,  J.M.,  E.S.  Fishburne,  and  K.N.  Rao.  "'Hot*  Bands  of  CO  at 
4.7  Microns  Measured  to  High  J  Values."  J.  Mol.  Spect.  428  (1965) 

Nitric  Oxide  (NO) 

Abels,  L.L..  and  J.H.  Shaw,  "Widths  and  Strengths  of  Vibration- 
Rotation  Lines  in  the  Fundamental  Band  of  Nitric  Oxide,"  J.  Mol. 
Spect.  11  (1966). 
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Table  11-1.  Molecular  band  data  foe  BpQcles  of  atnosphecic 
interest  (continued). 


Goldman,  A.,  and  S.C.  Schmidt.  "Infrared  Spectral  Line  Parameters 
and  Absorbance  Calculations  of  MO  at  Atmospheric  and  Elevated 
Temperatures  for  the  Bands  Region,"  J.Q.S.R.T.  IB.  127  (1975). 

James,  T.C..  "Intensity  of  the  Forbidden  ^^3/2  -  ^‘"^1/2  Satellite 

Bands  in  the  infrared  Spectrum  of  Nitric  Oxide,"  J.  Chem.  Phys.  ^0, 
762  (1964). 

James.  T.C..  and  R.J.  Thibault.  "Spin-Orbit  Constant  of  Nitric  Oxide. 
Determination  from  Fundamental  and  Satellite  Band  Origins."  J.  Chem. 
Phys.  41.  2806  (1964). 

King,  N.T..  and  B.  Crawford.  "The  Integrated  Intensity  of  the  Nitric 
Oxide  Fundamental  Band,"  J.Q.S.R.T.  443  (1972). 

Olman.  M.D. .  M.D.  McNelis.  and  D.C.  Hause,  "Molecular  Constants  of 

Nitric  Oxide  from  the  Near  infrared  Spectrum."  J.Mol.  Spect.  14,  62 

(1964) . 

Nitric  Oxide  Ion  (NO^I 

Billingsley,  F.P..  II,  "Calculation  of  the  Absolute  Infrared  Intensi¬ 
ties  for  the  0-1,  0-2,  and  1-2  Vibration-Rotation  Transition  in  the 
Ground  state  of  N0+,"  Chem.  Phys.  Lett.  23.,  160  (1973). 

Miescher,  E..  "Fine  structure  of  NO'*'  and  NO  Emission  Spectra  in  the 
Schuman  Region,"  Can.  J.  Phys.  3^,  355  (1955). 


Hvdroxl  Radical  (OH) 

Bass,  A.M. .  and  D.  Garvin,  "Analysis  of  the  Hydroxyl  Radical 
Vibration-Rotation  Spectra.  Between  3900  R  and  11  500  R."  J.  Mol. 
Spect.  9.  114  (1962). 

Diehe.  G.H.  and  H.M.  Crosswhite,  "The  Ultraviolet  Bands  of  OH," 
J.Q.S.R.T.  2.  97  (1962). 

d' Incan.  J.,  C.  Effantin.  and  F.  Roux.  "Intensities  Abolues  et  Forces 
D'Oscillateurs  de  Quelques  Rales  des  Bandes  de  Vibration-Rotation 
1-0  et  2-0  du  Radical  OH,"  J.Q.S.R.T.  11.  1215  (1971). 

Krassovsky,  V.I..  N.N,  Shefov,  and  V.I.  Yarin,  "Atlas  of  the  Airglow 
Spectra,  3000-12  400  A,"  Planet.  Space  Sci.  9,  883  (1962). 

Mies.  F.H.,  "Calculated  Vibrational  Transition  Probabilities  of  OH 
(X2  TT)."  J.  Mol.  Spect.  150  (1974). 

Murphy.  R. ,  "Infrared  Emission  of  OH  in  the  Fundamental  and  First 
Overtone  Bands,"  J.  Chem.  Phys.  5^.  4852  (1971). 
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Table  11-1.  Molecular  band  data  for  species  of  atmospheric 
interest  (continued). 


Roux«  F..  J.  d' Incan,  and  D.  Carny.  “Experimental  Oscillator 
Strengths  in  the  Infrared  Vibration-Rotation  Spectrum  of  the  Hy¬ 
droxyl  Radical."  Astrophysics  Journ.  186.  1141  (1973). 


Carbon  Dioxide  (CO2} 

Amat,  G.,  and  H.  Pimbert.  “On  Fermi  Resonance  in  Carbon  Dioxide," 

J.  Mol.  Spect.  16.  278  (1965). 

Boese,  R.M. .  J.H.  Miller,  and  E.C.Y.  Inn,  "Intensity  Measurements  in 
the  1  Micron  CO2  Bands."  J.Q.S.R.T.  6.  717  (1966). 

Boese.  R.H.,  J.H.  Miller.  E.C.Y.  Inn.  and  L.P.  Giver.  "Intensity  of 
the  1.6  Micron  Bands  of  CO2."  J.Q.S.R.T.  8.  1001  (1968). 

Calfee.  R.P.,  and  H.S.  Benedict.  “Carbon  Dioxide  Spectral  Line  Posi¬ 
tions  and  Intensities  Calculated  for  the  2.05  and  2.7  Micron  Region." 
NBS  Tech.  Note.  332.  March  1966. 

Courtoy,  C.P..  "Le  Spectre  de  CO2  Entre  3500  et  8000  cm“^  et  les 
Constantes  Moleculaires  de  Cette  Molecule."  Can.  J.  Phys.  35,  608 
(1957) . 

Gordon,  H.R..  and  T.K.  McCubbin.  Jr..  "The  15  Micron  Bands  of  CO2." 

J.  Mol.  Spect.  18,  73  (1965). 

Gray.  L.D.,  and  J.E.  Selvidge,  "Relative  Intensity  Calculations  for 
Carbon  Dioxide."  J.Q.S.R.T.  5,  291  (1965). 

Hahn.  Y.H.,  and  T.K.  McCubbin,  Jr..  "Bands  of  Carbon  Dioxide  in  the 
Region  of  4.3  Microns,"  J.  Mol.  Spect.  138  (1968). 

Madden.  R.P.,  “A  High  Resolution  Study  of  CO2  Absorption  Spectra 
Between  15  and  18  Microns,"  J.Chem.  Phys.  2^,  2083  (1961). 

McClatchey,  R.A.,  et  al..  "AFCRL  Atmospheric  Absorption  Line  Parame¬ 
ters  Compilation,"  AFCRL-TR-73-0096,  26  January  1973. 

McCubbin.  T.K..  and  T.R.  Hooney.  “A  Study  of  the  Strengths  and 
Widths  of  Lines  in  the  9.4  and  10.4  Micron  CO2  Bands,"  J.Q.S.R.T. 

8.  1255  (1968). 

Water  Vapor  (H2O) 

Benedict.  W.S.,  and  R.F.  Calfee.  "Line  Parameters  for  the  1.9  and 
6.3  Micron  Water  Vapor  Bands."  ESSA  Professional  Paper  2,  June  1967. 
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Table  11-1.  Molecular  band  data  for  species  of  atmospheric 
interest  (continued). 


Gates.  G.M. .  R.F.  Calfee.  D.W.  Hansen,  and  H.S.  Benedict.  "Line  Pa¬ 
rameters  and  Computed  Spectra  for  Hater  Vapor  Bands  at  2.7u."  NBS 
Monograph  71.  Aug.  1964. 

Ludwig,  C.B..  C.C.  Ferriso,  and  C.M.  Abeyto,  "Spectral  Emissivities 
and  Integrated  intensities  of  the  6.3V  Fundamental  Band  of  H2O, " 
J.Q.S.R.T.  5,  281  (1965). 

HcClatchey.  R.A..  et  al..  "AFCRL  Atmospheric  Absorption  Line  Parame¬ 
ters  Compilation."  AFCRL-TR-73-0096.  26  January  1973. 

Patch.  R.H..  “Absolute  Intensity  Measurements  for  the  2.7u  Band  of 
Water  Vapor  in  a  Shock  Tube,"  J.Q.S.R.T.  5.  137  (1965). 


Nitrogen  Dioxide  (NO2} 


Acakawa.  E.T. .  and  A.H.  Nelsen,  "Infrared  Spectra  and  Molecular  Con¬ 
stants  of  14(102  and  15(102.*’  •  “ol.  Spect.  2,  413  (1958). 

Goldman.  A..  F.S.  Bonomo,  H.J.  Williams.  D.G.  Murcray,  and  D.B. 
Snider,  "Absolute  Integrated  Intensity  and  Individual  Line  Parame¬ 
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Table  11-1.  Molecular  band  data  for  species  of  atmospheric 
interest  (continued). 
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Table  11-1.  Molecular  band  data  for  species  of  atmospheric 
interest  (continued). 


Methane  (CH4) 
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Table  11-1.  Molecular  band  data  for  species  of  atmospheric 
interest  (continued). 
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Table  11-1.  Molecular  band  data  for  species  of  atmospheric 
Interest  (concluded). 
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The  AFGL  atmospheric  absorption  line  parameters  compilation  is 
constantly  reviewed  and  updated.  A  new  and  growing  compilation  of 
evaluated  data  for  "trace"  gases,  also  available  on  tape,  includes 
NO.  SO2.  NO2.  NH3.  HCl.  HF.  OH.  and  HNO3  (Reference  11-6).  Finally, 
an  efficient  line-by-line  algorithm  has  been  implemented  in  the 
FASCODE  (Fast  Atmospheric  Signature  Code).  It  calculates  transmit¬ 
tance  and  radiance  to  any  desired  degree  of  resolution  and  is  ten 
times  faster  than  previous  HITRAN  methods  (Reference  11-7). 

The  molecular  band  model  in  the  DNA  ROSCOE/NORSE  code  provides  a 
moderate  resolution  (b  to  20  cm~^)  transmission  and  radiance  calcu¬ 
lation  for  heated  air  with  altered  chemical  species  concentrations. 

LTE  conditions  dominate  so  long  as  the  collisional  processes 
ercitlng  and  deexciting  a  vibrational  mode  dominate  the  radiative 
loss.  In  general,  the  numbers  of  collisions  required  for  transla¬ 
tional.  rotational,  and  vibrational  relaxations  are  of  the  order  of 
<10,  <100.  and  10^  to  10®,  respectively  (References  11-8,  11-9).  For 
polyatomic  species  having  more  than  one  vibrational  mode,  the  effec¬ 
tive  mechanism  for  translational-vibrational  (T-V)  coupling  into  the 
molecule  generally  involves  the  mode  of  lowest  frequency,  which  then 
couples  intramolecularly  with  the  other  modes. 

For  a  vibrational  mode  of  species  X.  simplifying  to  a  two-level 
model  and  neglecting  absorption  of  radiation: 


4ix,cm 

dt 


Koi[X(0)] 


(Kio  +  Aj^q)[X(1)]. 


(11-7) 


and  in  the  steady  state: 


[X(l)l  ^01 

CX(0)]  “  (Kio  +  Aio) 


(11-8) 


Here,  Koi{8ec'^)  and  Kio(®®c“l)  are  the  collisional  excitation  and 
deexcitation  rates,  respectively.  [X(i)]  is  the  number  density  (cm-3) 
of  species  X  in  vibrational  state  i.  and  (sec~3-)  is  the  Einstein 

spontaneous  emission  coefficient  for  the  transition  (see  Table  11-1} . 
If  Z^j  is  the  number  of  collisions  required  to  bring  about  one  tran¬ 
sition  from  state  i  to  state  j,  and  N  is  the  number  of  collisions 
pec  second  experienced  by  a  molecule  at  a  given  altitude,  then 
«  N/Z^j.  For  the  example  given. 

Kio  =  N/Z  »  AiO 

is  the  condition  to  be  met  if  radiative  loss  is  not  to  disrupt  LTE. 

In  that  case  the  two  vibrational  levels  ace  related  by  the  Boltsmann 
factor : 


[X(1)]/[X(0)]  =  exp  (-e/T). 


(11-9) 
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Where  T  is  the  kinetic  temperature  and  6  Is  the  characteristic  tem¬ 
perature  hv^/k  of  the  mode.  When  T  «  6.  the  reciprocal  of  Kj^q  is  a 
good  approximation  to  the  relaxation  time  for  the  system:  it  applies 
about  as  well  for  a  system  of  many  harmonic  oscillators  (Reference 
11-8) . 

As  altitude  increases,  collision  rates  in  the  atmosphere  de¬ 
crease.  while  Aj^q  remains  constant.  Failure  of  to  dominate  A^q 

implies 

[X(1))/[X(0)]  <  exp  (-0/T).  (11-10) 

so  that  the  effective  vibrational  temperature  of  X  falls  below  the 
kinetic  temperature  T.  Therefore,  a  condition  arises  where  the  volume 
emission  rate  in  an  optically  thin  atmosphere  is  less  than  the  LTE 
value:  this  is  called  collision-limiting.  For  most  species  this  con¬ 
dition  has  its  onset  somewhere  above  70  km:  the  actual  altitude  de¬ 
pends  on  where  in  the  atmosphere  N/z^q  ~  A^^q.  Values  of  Z;i^q  for  CO2 
and  H2O  are  listed  in  Table  11-2. 

Oxygen  atoms  have  been  shown  to  accelerate  the  vibrational  re¬ 
laxation  of  both  molecular  nitrogen  (Reference  11-11)  and  molecular 
oxygen  (Reference  11-12).  In  the  E-region  and  above,  atomic  oxygen  is 
a  major  species  and  could  in  principle  aid  in  maintaining  LTE  in  ra¬ 
diative  species  in  the  atmosphere,  unless  the  kinetic  temperature  has 
been  greatly  increased  by  some  perturbation,  the  practical  importance 
of  any  such  relaxation  as  a  means  of  aiding  the  T-V  energy-transfer 
process  is  likely  to  be  minimal.  It  may.  however,  be  effective  in 
quenching  emissions  from  molecules  that  have  been  vibrationally  ex¬ 
cited  by  alternative  mechanisms.  Degges  (Reference  11-13)  has  pointed 
out  the  special  circumstances  that  may  allow  oxygen  atoms  to  excite 
NO  via  atom  interchange. 

11.3  VIBRATIONAL-VIBRATIONAL  ENERGY  TRANSFER 

The  exchange  of  vibrational  quanta  between  molecules  during  col¬ 
lisions  (V-V  coupling),  in  the  fashion; 

X(v=l)  4.  Y(v=0)  -4  X{v=0)  +  Y(v=l).  (11-11) 

is  a  process  which,  in  disturbed  atmospheric  situations,  plays  an 
important  role  in  the  emission  of  infrared  radiation.  This  occurs 
because  the  major  atmospheric  species  N2  and  O2,  being  homonuclear 
diatomic  molecules,  ace  both  infrared-inactive  and  generally  resis¬ 
tant  to  V-T  deexcitation.  Vibrationally  excited  nitrogen  is  particu¬ 
larly  likely  to  remain  excited  and  so  to  provide  a  persistent  energy 
reservoir.  (See  Chapter  20  for  a  much  fuller  discussion  of  the  dy¬ 
namics  of  vibrationally  excited  nitrogen.)  In  addition,  an  important 
quenching  process  for  vibrationally  excited  NO  may  be  V-V  energy 
transfer  to  O2 .  The  energy- transfer  process  of  Equation  11-11  is 
known  to  be  most  efficient  when  species  X  and  Y  have  nearly  equal 
vibrational  frequencies,  such  as  N2  and  CO2 . 
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In  the  notmal  atmosphere,  the  effective  nitrogen  vibrational 
temperature  in  the  E-region  has  been  believed  to  be  greater  than  the 
local  kinetic  temperature,  i.e.,  but  the  altitude  pro¬ 

file  of  Ty^ib  and  its  response  to  auroral  or  other  pertubations  re¬ 
mained  conjectural.  O'Neil  et  al.  (Reference  11-14)  have  reported  on 
the  result  of  a  direct  probing  by  electron  beam  luminescence  of  the 
nitrogen  vibrational  temperature  in  an  IBC  Class  ll  aurora  over  Fort 
Churchill.  Within  experimental  uncertainty  the  inferred  vibrational 
population  ratio  {N2  (v=l) }/{N2(v=0) }  was  not  recognizably  greater 
than  model  atmosphere  kinetic  temperatures  appropriate  for  the  time 
of  the  flight.  Figure  11-6  shows  the  upper  limit  nitrogen  vibrational 
temperature  consistent  with  their  data. 

At  altitudes  below  125  km  the  principal  sink  for  nitrogen  vibra¬ 
tional  energy  is  probably  the  near-resonant  transfer  to  CO2.  with  an 
energy  deficiency  of  only  19  cm-i  (see  Chapter  10): 

N2(1)  +  C02(000)  N2(0)  +  CO2(001).  (11-12) 

Where  k  ~  7x10“^^  cm^sec"^.  The  process  of  Reaction  11-12  is  followed 
by  radiation  in  the  infrared  of  the  energy  just  transferred,  i.e.: 

CO^(OOl)  h  C02(000)  +  hv  (2349  cm"^)  ,  (11-13) 

for  which  A  =  400  sec"^  (Table  11-1). 

One  type  of  measurement  conducted  in  the  DNA  HAES  series  of 
experiments  has  been  a  vertical  probe  of  CO2  4.3-micron  radiance. 
Attempts  have  been  made  to  model  the  radiation  (Reference  11-15)  and 
it  has  been  found  necessary  to  include,  in  addition  to  earthshine 
scatter,  contributions  from  N2  excited  by  auroral  energy  input  and, 
in  addition,  in  the  vicinity  of  85  km,  a  contribution  from  N2  ex¬ 
cited  by 

N2  (v=0)  +  OH  (V)  -»  N2(V>0)  +  OH  (v<v').  (11-14) 

The  <.ctual  importance  of  V-V  exchange  in  generating  infrared 
backgrounds  in  a  disturbed  atmosphere  depends  primarily  upon  the 
effective  vibrational  temperature  achieved  by  the  excited  nitrogen, 
and  also  upon  the  mixing  ratio  of  emitter  species  introduced  into 
the  same  region.  Furthermore,  the  temperature  dependence  of  V-V 
exchange  processes  is  rather  uncertain,  especially  at  low  kinetic 
temperatures  (Reference  11-10). 

Values  of  Zoi,  the  number  of  collisions  required  to  bring  about 
V-V  exchange,  are  listed  for  several  pairs  of  interacting  partners 
in  Table  11-2.  Reference  11-10  provides  a  critical  summary  of  rate 
constants . 
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Figure  11-6.  Nitrogen  vibrational  temperature  derived  Srom  an 
electron-induced  fluorescence  probe  in  an  IBC 
class  11  aurora  (Reference  11-14). 
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11.4  CHEM1EXCITAT1C»I  PROCESSES 

Pact  oc  all  of  the  enecgy  output  of  exothermic  interactions  may 
be  distributed  into  the  available  vibrational  degrees  of  freedom  of 
one  oc  more  reaction  products.  The  number  of  reactions  for  which 
this  is  known  to  be  true  is  large  and  growing,  with  special  impetus 
in  this  area  coming  from  the  field  of  chemical  lasers.  Following  a 
nuclear  oc  other  disturbance,  chemical  reactions  take  place  for  pro¬ 
longed  periods  of  time  over  large  volumes  of  the  atmosphere.  It  is 
thus  inherently  plausible  that  chemiexcitation  should  be  an  important 
source  of  infrared  background  radiation,  in  the  paragraphs  that  fol¬ 
low.  some  of  the  chemiexcitation  reaction  products  that  ace  known  oc 
thought  to  be  important  within  this  context  are  discussed  specific¬ 
ally.  h  fairly  comprehensive  review  of  infrared  atmospheric  emission 
processes  has  appeared  in  Reference  11-16. 

11.4.1  Vibratlonally  Excited  Hydroxyl  (OH*) 

One  of  the  brightest  features  of  the  alcglow  is  the  Meinel  band 
emission  of  hydroxyl  (Reference  11-17).  This  has  been  studied  exten¬ 
sively:  ground  based  measurements  of  high  overtone  bands  in  the  vis¬ 
ible  and  near  infrared  ace  most  numerous  and  there  is  a  growing  body 
of  infrared  data  from  airborne  and  rocket-borne  instruments  carried 
out  under  the  DNA  HAES  program.  The  night  airglow  radiation  from 
hydroxyl  peaks  near  90  km  and  there  is  agreement  that  the  process 

H  +  O3  -*  O2  +  OH*  (vs9)  (11-15) 

is  the  dominant  chemical  source  of  the  radiation,  as  well  as  a  most 
important  sink  for  the  reactants.  Shefov  (Reference  11-18)  has  sum¬ 
marized  and  collated  a  large  body  of  the  data  on  atmospheric  hydroxyl 
emissions,  much  of  it  done  in  the  Soviet  Union,  relating  observed 
intensities  and  apparent  vibrational  and  rotational  distributions  to 
time  of  day.  season,  geomagnetic  ^.ctivity,  etc. 

It  has  not  seemed  possible  to  account  for  some  of  the  large  ex¬ 
cursions  in  intensity  and  apparent  vibrational  distribution  solely 
on  the  basis  of  the  consequences  of  Reaction  11-15  and  it  has  been 
suggested  that  the  additional  process 

O  +  HO2  ©2  (11-16) 

has  a  cole  (Reference  11-19).  Detailed  kinetic  information  about 
Reaction  11-15  is  lacking  and  its  product  vibrational  distribution 
is  still  conjectural.  At  least  now  the  electronic  spectrum  of  HO2 
is  well  known  (Reference  11-20)  and  it  should  be  possible  to  study 
its  kinetic  behavior  more  confidently  in  the  future. 

Unlike  Reaction  11-16.  H.  +  O3  (Reaction  11-15)  has  been  studied 
in  some  detail.  Polanyi  (Reference  11-21)  and  his  collaborators  at 
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Toronto  first  obtained  spectra  of  OH  from  Reaction  11-lS  reflecting 
the  initial  vibrational  distribution.  Their  results,  and  the  more 
recent  results  of  Streit  and  Johnston  (Reference  11-22),  differ  in 
detail  but  agree  in  assigning  most  of  the  product  OH  into  Vs9  with 
progressively  lesser  amounts  in  lower  levels  (Figure  11-7).*  Dis¬ 
tributions  of  this  sort,  using  only  radiative  relaxation,  yield  ade¬ 
quate  first  order  approximations  to  the  observed  hydroxyl  airglow 
intensity  distribution  (Reference  11-25). 

Since  the  reaction  0  +  OH  O2  -«■  H  is  fast  and  atomic  oxygen  is 
abundant  at  airglow  heights,  the  effect  of  reactive  quenching  of  OH^ 
by  O  must  be  accounted  for  in  the  analysis.  Until  recently,  however, 
it  has  not  been  thought  necessary  to  consider  collisional  quenching 
(by  O2  and  N2).  although  Piocco  and  Visconti  (Reference  11-26)  did 
include  that  effect.  Quenching  rate  constants  for  N2  and  O2  bad  pre¬ 
viously  been  reported  as  0.36  and  1.0  x  10'14,  respectively,  which 
should  make  them  relatively  unimportant  quenching  partners  at  air¬ 
glow  altitudes.  However,  the  data  shown  in  Table  11-3  indicate  rate 
constants  >  5  x  10~^^  for  O2  and  N2  with  OH  (v>5)  and  these  latter 
results  have  serious  consequences  for  hydroxyl  radiation  modeling  if 
they  can  be  substantiated. 

A  simplified  sample  analysis  involving  Reaction  11-15  will  serve 
to  demonstrate  some  of  the  complexities  of  the  problem.  For  each  vi¬ 
brational  level  V  of  the  product  OH.  considering  the  radiative  and 
collisional  transitions  only  between  nearest-neighbor  levels; 

d[OH(v)] 

- ^ -  -  k(v)  [H]  (O3]  +  Kq(v+1)  [0H{v+1)] 

+  A(v+1)(0H(v+1)3  -  Kq(v)  [OH(v)1  (11-17) 

-  A(v)  [OH(v)]  -  Kr(v)  [OH(v)] 

Here.  k(v)  is  the  rate  constant  for  formation  of  OH  in  vibrational 
level  V,  Kq(v)  is  the  quenching  rate  for  level  v  at  a  given  total 
density  ana  composition  of  quenching  species.  A(v}  is  the  Einstein 
coefficient  for  the  vibrational  transition  v-^v-l,  and  Kj{{v)  is  the 
chemical  destruction  rate  (primarily  from  0  -t-  OH  O2  -t-  H) . 

For  the  two  highest  levels  of  OH  (v-9.B),  the  steady-state  solu¬ 
tions  are: 


k(9)  [H]  [O  ] 

"  Kq(9)  +  Kjj(9)  +  A(9) 


(11-18) 


*Both  groups  used  the  relative  Einstein  coefficients  of  J.K.  Cashion 
(Reference  11-23)  to  obtain  their  relative  ky  values.  Reinterpre¬ 
tations  using  the  more  recent  calculations  of  F.H.  Mies  (Reference 
11-24)  would  be  desirable. 
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Table  II-3.  Quenching  rate  constants  for  OH(v}  +  M. 
Kq  (cm^ /mol- see)  in  units  of 


V/M 

N2 

O2 

Ar  H2O 

CO2 

9 

0.036® 

0.10** 

2.0® 

0.24® 

9 

4.4 

3.5 

1.1 

8 

3.7 

5.4 

1.1 

7 

5.5 

7.8 

2.2 

6 

5.0 

7.3 

2.9 

5 

2.1 

3.2 

1.5 

4 

0.78 

1.4 

0.079 

Note: 

^S.D. 

Worley 

et 

al.  (Reference  11-27). 

‘’S.D. 

Worley 

et 

al.  (Reference  11-28). 

Remainder  of 

data  from 

Reference  11-22. 

and 


[0H(8)]^^ 


lc(8)  [H]  [O3]  +  (K  (9)  +  A(9))[OH(9)] 
K^{8)  +  Kg(B)  +  A(8) 


(11-19) 


At  an  altitude  of  about  100  km.  Kg  is  about  10  sec“l,  Ko  for 
OH(v)  is  5  sec-l  (using  the  larger  rate  constants  of  Table  11-3}  and 
A(l)  is  about  20  8ec“l.  With  the  A*s.  Kr  and  Kg  all  of  comparable 
magnitude,  it  would  not  be  appropriate  to  drop  the  quenching  terms. 


Some  recent  measurements  of  hydroxyl  airglow  altitude  profiles 
have  sought  to  record  simultaneously  both  high  and  lovlevel  vibra¬ 
tional  bands  to  aid  in  assessing  the  relative  importance  of  Reac¬ 
tions  11-15  and  11-16  as  sources  of  hydroxyl.  (References  11-29, 
11-30).  The  results  are  difficult  to  interpret  at  best  and  have  only 
been  applied  to  determining  an  oxygen  atom  profile  from  the  hydroxyl 
profile,  assuming  that  oxygen  atoms  provided  the  only  nonradiative 
loss  term  for  OH(v) .  It  remains  to  be  seen  if  the  larger  rate  con¬ 
stants  for  quenching  by  O2  and  N2  are  consistent  with  airglow 
data . 


Hydroxyl  airglow  measurements  from  the  ground  in  recent  years 
have  been  providing  believable  evidence  of  short-term  variations  in 
brightness  and  apparent  rotational  temperature.  Some  instances  are 
described  simply  as  patchiness;  other  times  large-scale  wave  motions 
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are  associated  with  the  observed  intensity  enhancements  and  temper¬ 
ature  changes.  (Reference  11-31).  Attempts  to  correlate  band  inten¬ 
sity  changes  and  rotational  temperature  changes  have  not  always  led 
to  consistent  conclusions.  The  rotational  temperatures  ace  generally 
deduced  from  the  intensity  ratio  of  pairs  of  low  quantum  number 
P'branch  lines  in  a  given  band,  assuming  a  Boltzmann  distribution. 

The  individual  temperatures  so  derived  appear  credible  on  the  whole 
and  the  rotational  levels  seem  coupled  to  the  local  Kinetic  tempera¬ 
ture  in  most  instances. 

There  is  some  evidence  (Reference  11-32)  of  systematic  overpopu¬ 
lation  of  successively  higher  rotational  levels  relative  to  the  low¬ 
est.  It  is  as  if  the  rotational  distribution  observed  is  incompletely 
relaxed  from  a  much  hotter  rotational  distribution.  DicK  and  Kras¬ 
sovsky  (Reference  11-33)  discuss  this  point  and  provide  leading  ref¬ 
erences.  The  available  evidence  suggests  that  the  altitude  regime 
where  airglow  hydroxyl  is  generated  could  provide  an  environment 
where  such  an  effect  would  occur.  The  Toronto  group  (Reference  11-21) 
observed  very  hot  and  even  grossly  non-Boltzmann  rotational  distri¬ 
butions  at  their  lowest  background  pressures  (up  to  O.S  mtorc).  They 
were  careful  to  point  out  that  the  design  of  their  experiment  had 
reactants  mixing  together  at  considerably  higher  pressure  before 
flowing  into  the  observation  region.  Remarkably,  the  lower  resolu¬ 
tion  data  of  Reference  11-22  all  seem  to  be  fit  beet  by  a  1500  K 
rotational  temperature  at  all  pressures;  this  may  reflect  a  rapid 
freezing  in  by  quenching  of  the  rotational  distribution  in  their 
experiment . 

Deducing  local  kinetic  temperatures  from  airglow  observations 
and  interpreting  airglow  brightness  changes  involves  either  unfold¬ 
ing  or  ignoring  the  finite  depth  of  the  emitting  layer,  which  need 
not  be  uniform  in  temperature  or  composition.  Rapid  fluctuations  or 
even  slow  changes  in  the  brightness  of  individual  lines  or  complete 
bands  may  not  have  simple  explanations  if  vibrational  relaxation 
turns  out  to  be  “fast"  and  rotational  relaxation  "slow".  In  view  of 
the  expected  participation  of  rotational  excitation  in  the  relaxa¬ 
tion  of  vibrational  energy  in  molecules  like  hydroxyl  (Reference 
11-10),  such  an  outcome  is  easy  to  accept. 

11.4.2  Vibrationally  Excited  Nitric  Oxide  (NO*> 

Emissions  from  both  NO^  and  NO+^  have  been  observed  in  the  spec¬ 
trum  of  hot  air  resulting  from  an  atmospheric  nuclear  detonation 
(Reference  11-2).  Following  atmospheric  disturbances,  both  species 
play  important  roles  in  the  complex  chain  of  deionization  reactions, 
and  act  in  addition  as  potential  sources  of  infrared  radiation  from 
chemiluminescent  reactions.  Two  of  the  reactions  leading  to  nitric 
oxide  formation  have  been  studied  in  detail  to  determine  the  indi¬ 
vidual  rate  constants  of  formation  of  NO  into  the  energy  accessible 
vibrational  levels: 

N  (^S)  +  O2  O  +  NO  (v<7)  (11-20) 
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and 

N  (^D)  +  ©2  -♦  O  +  NO  (V<18).  (11-21) 

Sahbee  et  al.  (Reference  11-34)  and  Nhitson  et  al.  (Reference  11-35) 
Have  both  studied  the  reaction  involving  ground  state  N(^S)  atons 
in  a  room  temperature  integrating  sphere  reactor.  There  is  some  dis¬ 
agreement  in  the  details  of  the  product  vibrational  distribution  as 
deduced  by  the  two  groups,  but  the  results  of  Reference  11-34  are 
based  on  relatively  high-resolution  spectra  and  are  to  be  preferred. 

A  graphical  presentation  of  their  results  is  given  in  Figure  11-8. 
They  conclude  that  no  more  than  8  percent  of  the  exothermicity  of 
the  reaction  is  directed  into  NO  (v>.2).  Figure  11-9.  taken  mostly 
from  Reference  11-35.  summarizes  available  quenching  rate  constant 
data  for  NO.* 

Reaction  11-21  has  been  studied  in  the  COCHISE  facility  con¬ 
structed  at  AFGL  with  IH(A  support.  In  these  latter  experiments  all 
complications  resulting  from  quenching  collisions  and  wall  effects 
are  eliminated  by  operation  in  a  low  pressure  (millitorr)  short  con¬ 
tact  time  (millisecond)  cryopumped  cryogenic  chamber.  Results  from 
that  study  are  8ho«m  in  Figure  11-10.  With  N(^D)  as  the  reactant 
atom,  about  25  percent  of  the  exothermicity  appears  in  NO  (v>0); 
fully  90  percent  of  the  product  NO  is  in  states  v<9  and  the  energe¬ 
tics  will  allow  0(^D)  as  the  atomic  product.  Table  11-4  shows  the 
calculated  chemiluminescent  emission  efficiency  of  the  N(2D)  >  O2 
mechanism  of  nitric  oxide  formation.  The  results  for  the  overtone 
ace  preliminary.  There  has  been  encouraging  agreement  in  accounting 
for  aurorally  and  artificially  enhanced  nitric  oxide  radiation  ob¬ 
served  in  the  DNA  HAES  program  and  predictions  based  on  these  exper¬ 
imental  results. 


11.4.3  Vibrationally  Excited  Ozone  (o|) 

Another  potentially  important  source  of  chemiluminescent  infra¬ 
red  radiation  in  a  disturbed  atmosphere  is  O*  The  probable  formation 
reaction  is  the  three  body  process 

0  +  02  +  M-»03  +M.  (11-22) 

An  "ozone  precursor"  has  been  identified  by  ultraviolet  absorption 
~3000A)  in  oxygen  subircted  to  pulse  radiolysis.  A  number  of  inves¬ 
tigators  (References  xl-38  through  11-41  have  observed  solar  attenu¬ 
ation  at  broadly  the  same  wavelength  region  at  altitudes  above  40  km. 
Noxon  (Reference  11-42)  presents  arguments  that  none  of  the  oxygen 


*K.  Glanzer  and  J.  Troe  (J.  Chem.  Phys.  4352  (1975)  report  a  rate 

constant  of  3.8  x  10-i^  for  deactivation  of  NO(v=1.2)  by  atomic 
oxygen  at  2700  K. 
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Figure  11-8.  Individual  rate  constants  for  formation  of 
NO  in  vibrational  level  v  from  the  reaction 
N(^S)  O2  -♦  O  +  NO  (Reference  11-34). 
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VIBRATIONAL  LEVEL  V 

figure  11-9.  Rate  constants  for  quenching  of  NO  (v)  by  O2 
as  a  function  of  vibrational  level  v  (Refer¬ 
ences  11-35  and  11-36. 
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Table  11-4.  Nitric  oxide  atmospheric  emission  photons 
radiated  per  molecule  produced  by  N(2d).^ 


Altitude  (km) 


75 

80 

85 

90 

95 

100 

Av»l 

1.70 

2.52 

3.21 

3.64 

3.84 

3.92 

Av>2 

0.15 

0.21 

0.25 

0.28 

0.29 

0.30 

Note: 

^Calculation  based  on  results  of  COCHISE 
experiments. 


species  b^Eg.  a^Ag.  or  X^Eg  (v~il)  can  account  for  the  atmospheric 
data,  and  either  ground  state  0|or  some  lov-lying  electronically  ex¬ 
cited  ozone  species  are  prime  candidates. 

Von  Rosenberg  and  Ttainor  (Reference  11-43)  have  flash  photolyzed 
oxygen-ozone  mixtures  and  studied  the  kinetics  of  the  resulting  in¬ 
frared  radiation  in  selected  bands.  They  conclude  that  up  to  50  per¬ 
cent  of  the  1.04  eV  exothermlcity  of  the  O  +  O2  +  M  recombination  is 
distributed  in  vibrational  modes  of  the  ozone  formed,  with,  on  the 
average.  1.6  quanta  in  +  V3  and  3.7  quanta  In  V2.  Their  data 
indicate  excitation  into  high  vibrational  levels  of  all  modes,  and 
in  addition,  they  observed  radiation  near  6.6  microns  and  8.0  microns 
that  may  be  associated  with  electronically  excited  states  of  ozone. 


Further  definition  of  the  ozone  radiation  can  be  expected  from 
the  COCHISE  facility.  Figure  11-11  is  a  sample  of  very  preliminary 
data  showing  for  the  first  time  the  spectral  extent  of  the  V3  radia¬ 
tion.  The  COCHISE  data  seem  to  indicate  a  preference  for  O3  forma¬ 
tion  in  the  03  mode,  in  contrast  to  the  results  of  von  Rosenberg 
mentioned  above.  Table  11-5  summarizes  some  of  the  available  data  on 
ozone  deactivation. 


11.5  VIBRATIONALLY  EXCITED  METAL  OXIDES  (MeO*) 

The  debris  of  nuclear  detonations  includes  metallic  matter  that 
originates  in  the  structures  of  both  the  nuclear  devices  and  their 
carriers.  If  exothermic  reactions  take  place  between  such  that  sub¬ 
stances  and  ambient  atmospheric  species,  then  the  likelihood  of 
chemiluminescent  processes  is  enhanced.  Assuming  the  debris  species 
to  be  primarily  atomic  metals  (Me),  reactions  of  two  types. 

Me  +  O  -»  MeO  +  O  (11-23) 


and 
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Table  11-5.  Vibrational 

relaxation 

Of  ozone  for  T 

=  298  K. 

Process 

Partner 

Units  of  10-14 

Jc  (c3/mol“Sec) 

Reference 

(100.010.001)  (000) 

11.1 

11-35 

O3 

5.86 

11-44 

CO2 

9.70 

11-36 

»2 

71.0 

11-36 

1.93 

11-36 

“2 

2.00 

11-36 

Ar 

0.385 

11-44 

(001,100)  -»  (010) 

^3 

17.2 

11-44 

Ar 

1.08 

11-44 

(010)  -*  (000) 

°3 

8.79 

11-44 

(001)  (100) 

°2*  **2 

>490 

11-36 

(001)  +  (100)  -♦  (101)  +  (000) 

CO2.  O3 

Me  +  ©2  +  M  -►  MeO^  +  M.  (11-24) 

are  expected  to  participate  in  the  formation  of  metal  monoxides  and 
dioxides,  respectively.  These  oxides  may  be  formed  vith  vibrational 
excitation,  to  a  degree  depending  partially  on  the  exothermicity  of 
Reactions  11-23  and  11-24  for  specific  metals.  It  is  noteworthy  that 
even  the  endothermic  oxide-forming  reaction 

Fe  +  0  -»  FeO  +  0.  (11-25) 

A 

the  only  such  case  for  which  data  are  available,  evidently  has  a  pre¬ 
exponential  factor  close  to  the  gas  Kinetic  cross-section,  and  an 
activation  energy  approximating  the  endothermicity  of  the  reaction 
(Reference  11-24).  Tables  11-6  and  11-7  summarize  reaction  rate  data 
for  some  of  the  more  significant  metal  oxide  species. 

11.5.1  Direct  Infrared  Radiative  Excitation 

For  the  earth  to  be  in  radiative  equilibrium  with  the  sun  it  must 
radiate  at  the  same  rate  as  a  250  K  blacKbody.  The  spectra  shown  in 
Figures  11-4  and  11-5  indicate  that,  as  sensed  at  high  altitude,  the 
effective  radiating  temperature  is  spectrally  dependent.  Valleys  oc¬ 
cur  in  its  spectral  emission  pattern  wherever  the  stronger  absorption 
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Table  11-6.  Metal  oxide  rate  constants  at  300  K. 


Fe  +  ©2  Feo  +  o 

“l.OxlO 

PeO  +  0  Fe  +  ©2 

3.3x10"^^ 

Fe'*’  +  ©2  +  X  FeO*  + 

X 

-30 

-l.OxlO 

Mg"^  +  ©2  +  X  Mg02  + 

X 

~2.5X10“^® 

MgO"^  +  O  -►  Mg*  +  ©2 

-1.0X10"^® 

Si*  +  ©2  Si©*  +  0 

8.0x10"® 

Si©*  +  O  -»  Si*  +  ©2 

~2.0X10"^® 

Th*  +  ©2  -»  ThO*  +  © 

6.0x10"^° 

Ti*  +  ©2  -»  TiO*  +  © 

5.0X10"^° 

U*  +  ©2  -»  U©*  +  © 

8.5X10"^° 

U©*  +  ©2  -»  UO*  +  © 

2.0X10"^ 

A1  +  ©2  Al©  +  O 

~1. 0x10-13 

Notes : 

^  units  ml/mol-sec 
units  ml^/mol^-sec 
Abstracted  from  Reference  11-46. 


a 

a 

b 

b 

a 

a 

a 

a 

a 

a 

a 

a 


Tat]e  11-7.  Metal  oxide  cross  sections  at  300  K  (cm2). 


U  +  ©  -»  U©*  +  e 

1.6X10"^^ 

Th  +  ©  -*  Th©*  +  e 

l.oxio"^^ 

Ti  +  ©  -♦  Ti©*  +  e 

4.5x10"^'® 

U  +  ©2  -►  ©©2+  +  e 

-17 

1.7X10 

U  +  ©2  -»  UO*  +  e  +  ©2 

2.0x10"^® 

Th  +  ©3  -♦  Th©+  +  e  +  ©2 

4.0x10-1® 

Abstracted  from  Reference  11-47. 


Revision  No.  9,  June  1983 


11-37 


DMA  1948H 


bands  of  inf caced-active  atmospheric  gases  occur.  The  spectral  dis¬ 
tribution  of  blackbody  isothermals  between  200  and  300  K  are  also 
indicated  in  Figures  11-4  and  11-5.  Figure  11-12  compares  the  ir- 
radiance  of  the  quiet  sun  at  the  top  of  the  atmosphere  with  that  of 
250  and  300  K  blackbodies.  From  approximately  the  vicinity  of  5  un 
to  longer  wavelengths  the  earthshine  appears  to  be  the  more  impor¬ 
tant  source  for  pumping  vibrational  excitation.  Among  the  entries  in 
Table  11-1,  the  metal  oxides  are  most  susceptible  to  this  source  of 
excitation,  since  their  fundamentals  tend  to  fall  near  the  peak  of 
the  earthshine  irradiance  spectrum. 

In  an  irradiated  volume  of  the  atmosphere,  the  fraction  of  op¬ 
tically  active  molecules  that  are  excited  per  second  is  (Reference 
11-4): 


ex  -5  3 

F  =  -g*  a  1.87  X  10  X  R^S,  (11-26) 

where 

X  =  the  wavelength 

R)^  >  irradiance  incident  upon  the  volume  of  the 

vibrational  absorption  band;  i.e.,  earthshine 
(watts  cm-2y.m-i), 

S  =  integrated  band  strength  of  the  transition 
(cm"2atm"l) . 

Assuming  the  entire  volume  to  be  optically  thin  to  the  incident 
radiation,  the  excitation  rate  along  a  line  of  sight  through  an  at¬ 
mospheric  volume  is  FN^qx  excitations  sec'^  cm~^,  where  N^oi  is 
column  density  (cm-2)  of  the  molecular  species  under  consideration. 

Since  the  Einstein  coefficient  A  of  typical  metal  oxides  is  of 
the  order  of  5-10  sec“i  (Table  11-1),  the  rate  constant  for  a  quench¬ 
ing  process  such  as 

MeO(v=l)  +  M  -»  Me0(v=0)  +  M  (11-27) 

would  have  to  be  of  the  order  of  lO"^^  cni3  gec"i  for  collisional 
quenching  to  be  competitive  with  spontaneous  radiation  at  altitudes 
about  100  km.  However,  quenching  rate  constants  of  this  magnitude 
are  not  expected:  therefore  the  radiative  excitation  rate  is  gener¬ 
ally  likely  to  be  the  emitted  radiation  rate. 

11,5.2  Fluorescence  Excitation 

It  appears  that  for  many  metal  monoxides  significant  rates  of  vi¬ 
brational  excitation  can  be  achieved  by  solar-induced  fluorescence. 
The  typical  MeO  has  an  accessible  upper  electronic  state  MeO(A),  such 
that  the  wavelengths  of  the  Av=0.  +1.  +2  sequence  in  the  MeO(A)  *—* 
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NeO(X)  transition  occur  at  or  near  the  broad  maximum  of  the  solar 
continuum,  viz.,  3500-7500  a.  Groups  of  transitions  of  the  following 
t^pes : 

MeO(X.v"*0)  +  hw  -*MeO(A.v')  ;  (11-28) 

MeOCA.v*  )-►  MeO(X. v“>l)  +  hwf.  (Vf  >  (11-29) 

where 


8  =  solar 
f  >  fluorescence. 

are  effective  in  populating  upper  vibrational  levels  in  ground  elec¬ 
tronic  state  MeO(X) .  The  normalized  rate  of  MeO(X)-4{eO(A)  transi¬ 
tions  in  this  case  is 


d  TMeOfAn  /dt 
[HeO] 


1.87  X  10 


-5  3-1 

RX  S  X.  sec 
e  e 


(11-30) 


where  is  the  "center  wavelength"  (um)  of  the  MeO(A)«— ^eO(X)  elec¬ 
tronic  transition.  is  the  integrated  intensity  (cm-^atm-^)  of  the 
same  transition,  and  RX^  is  the  solar  irradiance  (watts  cm-^um'^) 
upon  the  atmosphere  at  Xe<  Relationship  11-30  is  an  approximate  one 
because,  for  simplicity,  all  v**-»v"  transitions  are  treated  together 
in  this  calculation.  In  reality,  X^.  S^,  and  RX^  all  depend  to  some 
extent  on  the  exact  vibrational  transition  involved.  With  a  careful 
choice  of  X^,  the  foregoing  calculation  is  good  to  better  than  a 
factor  of  two. 

In  order  for  this  process  to  be  important,  MeO(A)  *—*  MeO(X)  must 
be  an  allowed  transition:  then  the  radiative  lifetime  of  MeO(A)  is 
small  enough  that  collisional  quenching  can  be  ignored  at  the  alti¬ 
tudes  of  interst. 


To  a  first  appoximation,  the  mean  number  of  vibrational  quanta 
excited  in  NeO(X)  by  the  fluorescence  process  is  simply  a  function  of 
the  Franck-Condon  factors  qyiy-n  governing  the  electronic  transition: 


■  E  ^vo  E 

V '  V" 


(11*31) 


Neglecting  collisional  quenching,  the  normalized  rate  of  infrared 
emission  due  to  solar  fluorescence  is 


and  in  the  case  of  AilO, 


V 
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=  0.06  sec 


(11-33) 


The  nunerical  result  of  Equation  11-33  is  based  ou  an  £-value  of 
0.014  for  the  A9.0(B)<— «AlO(X)  transition.  DNA  is  currently  supporting 
research  directed  toward  establishing  comparable  quantities  for 
and  UO^ . 

Metal  oxides  are  not  the  only  species  of  interest  that  can 
achieve  significant  excitation  rates  through  fluorescence  nechan- 
isnis.  Bortner  et  al.  (Reference  11-48}  have  compared  various  radia¬ 
tive  and  collisional  excitation  mechanisms  involving  atmospheric 
nitric  oxide,  and  have  described  in  detail  the  calculation  of  solar 
Infrared,  solar  electronic,  and  earthshlne  infrared  radiation  rates 
for  that  species.  A  further  example  may  be  found  in  Reference  11-49 
where,  to  account  for  the  daytime  4.3-nicron  CO2  limb  radiance,  the 
contribution  of  Av3=:l  transitions  originating  in  levels  (101)  and 
(021)  had  to  be  considered.  The  respective  upper  states  are  popu¬ 
lated  by  absorption  of  solar  infrared  at  2.70  and  2.77  microns. 


11.6  THE  MARKOV  PHENOMENON 

A  group  consisting  of  M.N.  Markov  and  various  collaborators  in 
the  Lebedev  Institute  over  the  years  has  reported  observation  of 
"layers"  of  unaccountably  bright  infrared  emission  at  altitudes  up 
to  400  km  (Reference  11-50).  As  time  progressed,  their  instrumenta¬ 
tion  improved  from  extremely  broad  band  radiometers  to  a  rapid  scan¬ 
ning  prism-based  spectrometer  flown  on  Salyut  4.  The  latter  results 
are  troubled  by  frost  absorption  effects  and  a  large  "null"  signal, 
but  taken  at  face  value  they  are  evidence  of  a  fairly  narrow  emission 
feature  (approximately  0.25  micron),  centered  near  5.2  microns,  in 
the  sunlit  atmosphere  ibove  140  km.  They  are  inclined  to  attribute 
the  signal  to  nitric  oxide  radiation.  In  Reference  11-51  they  dis¬ 
cuss  multiquantum  rotational  relaxation  with  specific  application  to 
nitric  oxide  formed  in  the  N(^D)  O2  reaction.  If  the  spectral  re¬ 
sults  of  Markov  et  al.  are  correct,  then  the  known  (Table  11-4)  ra¬ 
diative  consequences  of  the  named  reaction  cannot  account  for  their 
observation,  which  is  severely  deficient  at  longer  wavelengths:  i.e., 
where  N0(v>l)  would  radiate.  The  Salyut  4  results  presented  relate 
only  to  measurements  made  on  a  single  orbital  pass  and  it  is  not 
known,  for  instance,  what  might  have  been  observed  from  the  unillum¬ 
inated  atmosphere  by  their  instrument,  or  how  often  that  instrument 
was  exercised. 


When  discussing  their  results,  the  Lebedev  group  has  also  men¬ 
tioned  the  isotopic  species  as  a  potential  radiator  in  the 

4.3-micron  region  (in  addition  to  NO'*'  and  CO);  the  suggestion  is  an 
interesting  one  and  should  be  looked  into. 
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11.7  RADIATIVE  PROCESSES  IN  LOW-DENSITY  PLASMAS* 

For  atmospheric  plasmas  of  low  density  (<10^^  CB~^}  and  moderate 
temperature  (<10.000  K) ,  basically  four  processes  exist  that  need  to 
be  considered  in  computing  the  emlssivlty  for  wavelengths  comparable 
to  or  longer  than  those  in  the  visible  region  of  the  spectrum,  viz., 
ion  and  neutral  Dremsstrahlung.  and  radiative  and  collisional- 
radiative  recombination.  The  present  discussion  is  limited  to  theo¬ 
retical  techniques  used  to  evaluate  the  emissivltles  due  to  these 
processes. 

Although  omitted  from  consideration  here,  certain  other  processes 
may  be  important  in  specific  instances.  For  example,  in  an  oxygen 
plasma,  electron  attachment  to  the  neutral  atom  to  form  0~  must  be 
taken  into  consideration  for  wavelengths  of  the  order  of  7500  A  or 
shorter. 


11.7.1  Ionic  Bremsstrahlung  and  Radiative  Recombination 
(Free-Free  and  Free-Bound  Emission) 

The  rate  of  emission  for  both  of  these  processes  may  be  calcu¬ 
lated  exactly  for  electrons  scattered  by  or  recombining  with  hydro- 
genic  ions  (Reference  11-52).  For  practical  calculations  it  is  con¬ 
venient  to  use  the  semiclassical  expressions  due  to  Kramers  (Refer¬ 
ence  11-53)  for  the  emission  rates  for  both  processes,  and  to  express 
deviations  from  the  semicli'seical  results  in  terms  of  Gaunt  factors 
which  depend  on  the  frequency  of  emission.  A  full  treatment  of  the 
problem  along  these  lines  has  been  given  by  Griem  (Reference  11-54) 
and  the  frequency  dependence  of  the  Gaunt  factors  has  been  studied 
by  Karzas  and  Latter  (Reference  11-55).  In  the  spectral  range  consi¬ 
dered  here,  the  Gaunt  factors  can  be  taken  as  unity.  With  this  as¬ 
sumption  and  a  Maxwellian  distribution  of  electron  velocities  the 
emission  rate  per  unit  frequency  range  for  both  processes  is  given 
by  the  simple  frequency-independent  expression  (Reference  11-56): 


CM 


,^2  6 
32v  e 

c^(6Tm)^'^ 


n  n. 
e  1 


(kT) 


0.5 


or  in  practical  units  by: 


(11-34) 


^  1.63  X  n^nj 

\  =  - -  watts  cm  ster  um  , 


(11-35) 


where  the  wavelength  X  is  expressed  in  um,  the  electron  and  ion 
densities  n^  and  n^  in  cm"^,  and  the  temperature  in  K. 


*The  authors  are  indebted  to  J.W.  Cooper  of  the  National  Bureau  of 
Standards  for  this  section. 
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Despite  the  slapliclty  of  these  relationships,  they  are  expected 
to  provide  an  adequate  first-order  treatment  of  emissivity  for  most 
plasmas  in  the  range  of  wavelengths,  temperatures,  and  electron  den¬ 
sities  considered  here.  Deviations  from  Equation  11-35  owing  to  the 
use  of  unit  Gaunt  factors  are  not  expected  to  lead  to  serious  errors 
for  wavelengths  longer  than  those  in  the  visible  region.  For  example, 
Anderson  and  Griem  (Reference  11-57)  have  investigated  the  deviations 
to  be  expected  for  helium  plasmas  at  20.000  K  and  find  less  than  10 
percent  discrepancies  for  wavelengths  longer  than  5.000  R.  Equation 
11-35.  or  the  more  complicated  expressions  including  Gaunt  factors 
given  by  Griem  (Reference  11-54).  can  be  corrected  in  the  case  of 
non-hydrogenlc  plasmas,  by  multiplying  by  a  temperature  and 
wavelength-dependent  factor  (Reference  11-58).  Such  computations 
have  been  carried  out  for  rare-gas  plasmas  and  for  oxygen  and  nitro¬ 
gen  (References  11-54.  11-55).  The  results  for  argon  (Reference 
11-59)  at  8.000  and  16,000  K  show  deviations  of  greater  than  a 
factor  of  two  in  the  visible  region  of  the  spectrum  and  deviations 
of  the  order  of  10  percent  or  less  for  l-ym  wavelengths. 

At  shorter  wavelengths  and/or  at  lower  temperatures.  Equation 
11-35  may  not  be  adequate  if  the  detailed  wavelength  dependence  is 
needed,  since  in  these  circumstances  the  equation  smooths  out  the 
variations  —  actually  somewhat  jagged  --  caused  by  the  discrete 
nature  of  the  bound  levels.  In  such  cases  the  contribution  of  free- 
free  transitions  and  of  recombination  to  each  bound  level  must  be 
estimated  separately  (Reference  11-60).  A  systematic  procedure  for 
carrying  out  calculations  of  this  type  has  been  described  by  Griem 
(Reference  11-54).  The  emissivity  for  recombination  into  a  particular 
level  nl  at  frequency  u  (sec~^)  is  expressed  as; 


Cv 


4Trl'5h5  3oni(v)  gnl  (Eni  -  hv) 

- - neni  - 

(mec)2  ^ion  (kT)2-5 


{hu>Eni).  (11-36) 


where  g^ij^  and  gion  statistical  weights  of  the  recombining 

level  nft  and  the  ionic  ground  state,  respectively,  and  Ei^ji  is  the 
binding  energy  of  level  nf.  The  quantity  cross-section 

for  photoabsorption  for  an  initial  state  n£.  the  inverse  process  of 
recombination.  These  cross-sections  may  be  estimated  by  quantum- 
defect  methods  (D.  Sappenfield.  private  communication).  For  most  pur¬ 
poses  it  is  adequate  to  do  this  for  only  the  lowest  excited  states 
to  which  recombination  is  allowed  and  to  use  the  relationship  per¬ 
taining  to  hydrogenic  species: 


®Ryd\  ■"’®o 

“h^/  ;;5  (11-37) 

for  higher  levels. 

If  Equation  11-36  is  used  for  the  free-bound  emissivity,  the 
free-free  emissivity  must  be  estimated  separately.  This  is  given  by 
the  Kramers  relation  (Reference  11-61): 
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32ir^  nenjexpC-hv/lcT) 

c3(6Trm)l*5{kT)0*S 


or  alternatively  in  practical  units  as: 


(11-38) 


1.63  X  10“31nenicxp(-l.44  x  10^ /XT)  ^ 

Cff  ==  - -  (11-39 

watts  cm~^  ster-1  un“^.  by  analogy  with  Equations  11-34  and  11-35, 
respectively.  Using  this  approach,  detailed  calculations  of  the 
enissivitles  of  oxygen  plasmas  have  been  carried  out  by  Sappenfield 
(private  conmunication) .  Some  of  his  results,  at  three  different 
temperatures,  are  presented  in  Figures  11-13  through  11-15.  For 
wavelengths  longer  than  1  lua.  Equation  11-35  is  probably  adequate 
for  most  practical  applications.*  For  example.  Sappenfield ' s  results 
deviate  no  more  than  10  percent  from  those  calculated  using  Equation 
11-35  for  wavelengths  of  lO  um  in  the  500-6.000  K  temperature  range. 


1.7.2  Neutral  Bremsstrahlung 

Calculations  of  neutral  Bremsstrahlung  are  generally  more  diffi¬ 
cult  to  perform  than  the  analogous  calculations  for  ions,  for  two 
reasons.  First,  the  simplest  case,  viz.: 

e  +  H-»e  +  H+h\»  ,  (11-40) 

involves  a  two-electron  problem,  so  that  an  accurate  analytic  theory 
cannot  be  given  as  in  the  case  of  positive-ion  Bremsstrahlung. 

Second,  since  negative  ions  possess  at  most  a  few  bound  states, 
quantum-defect  methods  cannot  be  used  to  compute  the  recombination 
emissivity  if  negative-ion  formation  is  possible.'!' 

Quantum-mechanical  calculations  of  neutral  Bremsstrahlung  or  the 
related  free-free  absorption  process  for  hydrogen  have  been  carried 
out  (References  11-62  through  11-64).  and  the  results  are  reported  in 
a  study  of  the  emissivity  of  LTE  hydrogen  plasma  (Reference  11-65). 
Among  the  species  important  in  air  chemistry,  detailed  calculations 
have  been  carried  for  atomic  nitrogen  and  oxygen  by  Mjolsness  and 
Ruppel  (Reference  11-66).  Using  the  assumption  that  the  emission 
rate  is  proportional  to  the  final  electron  velocity,  they  derive  an 
equation  for  the  emissivity*. 

=  2.402  X  10~^^a  n  n.0~^'^  (u+2)u^  exp(-u)  (11-41) 

‘Equations  11-34  and  11-35  ate  valid  only  for  frequencies  well  above 
the  plasma  frequency.  For  a  discussion  of  the  problem  for  extremely 
iong  wavelengths,  see  Reference  11-52.  pp.  121  ff. 

^Recombination  to  form  negative  ions  is  not  considered  here. 
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Figure  11-15.  Calculated  emissivities  of  oxygen  plaema  at 

6,000  K  (D.  Sappenfield,  private  communication) 
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watts  cm~3  ster~^Uitt"^t  where  0=5.O4O/T,  u»2.855d/\,  and  a©  is  a 
constant  which  for  atomic  oxygen  and  nitrogen  has  values  of  7.1  x 
10~'^  and  8.0  X  10“’7,  respectively.  The  accuracy  of  Equation  11-41  is 
difficult  to  assess  since  little  work,  of  comparable  sophistication 
has  been  done  for  neutral  low-energy  Bremsstrahlung  (see.  however. 
Reference  67).  Equation  11-38  is  probably  accurate  to  better  than 
a  factor  of  three  for  wavelengths  shorter  than  1  pm  within  the 
electron-energy  and  temperature  ranges  considered  here,  and  should 
be  more  accurate  at  longer  wavelengths.  It  should  provide  only  order- 
of -magnitude  estimates  at  shorter  wavelengths  and  lower  temperatures. 

No  calculations  starting  from  first  principles  have  been  carried 
out  for  free-free  emission  involving  molecules.  A  simplified  expres¬ 
sion  relating  the  emission  rate  to  the  product  of  momentum-transfer 
cross-section  times  the  initial  electron  energy  has  been  derived 
semiclassically  by  Zel'dovich  and  Raizer  (Reference  11-68)  and  has 
been  used  in  the  computation  of  emission  from  both  atoms  and  mole¬ 
cules  (References  11-66.  11-69.  and  private  communication  with  D.H. 
Holland.  M.  Scheibe.  C.H.  Humphrey.  D.R.  Churchill.  6.  Gioumousis.  and 
L.M.  Tannenwald).  The  same  result  can  be  obtained  through  a  con¬ 
sideration  of  the  asymptotic  representation  of  the  quantum-mechanical 
expression  for  the  Bremsstrahlung  rate  (Reference  11-70  and  private 
communication  with  S.  Geltman.  Joint  Institute  for  Laboratory  Astro¬ 
physics).  Such  asymptotic  representation  shows  further  that  the 
correct  form  for  the  Bremsstrahlung  rate  is: 

d?  ■  ^  *  Ejd.CEj)]  .  (11-42) 

which  reduces  to  Zel'dovich  and  Raizer 's  result  (Reference  11-68) 
when  =  Ef)  where  E^  and  Ef  are.  respectively,  the  initial  and 
final  electron  energies,  and  0^  is  the  momentum-transfer  cross- 
section.  Provided  the  Bremsstrahlung  rate  is  not  seriously  affected 
by  resonance  effects,*  the  emissivity  for  all  air  species  may  be 
calculated  using  Equation  11-42.  or  its  long-wavelength  limit,  from 
measured  or  calculated  momentum- transfer  cross-sections.  This  has 
been  done  by  Kivel  (Reference  11-69)  for  both  atomic  and  molecular 
oxygen  and  nitrogen.  The  accuracy  of  this  procedure  was  investigated 
experimentally  by  Taylor  and  Caledonia  (Reference  11-71).  who  found 
agreement  within  a  factor  of  about  ten. 

11.7.3  Collisional-Radiative  Recombination 

In  a  recombining  plasma,  the  rate  ot  recombination  is  determined 
by  radiative  recombination  (free-bound  processes)  only  if  the  elec¬ 
tron  density  is  sufficiently  low  that  electron-atom  collision  pro¬ 
cesses  can  be  neglected.  In  the  range  of  temperatures  and  electron 


^Resonance  effects  greatly  enhance  the  probability  of  vibrational 
excitation  by  electron  impact  at  electron  energies  below  tnree  elec¬ 
tron  volts  for  both  N2  and  O2.  See  Reference  11-74.  The  effect  on 
emissivities  has  not  been  explored. 
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densities  considered  here,  the  rate  of  recombination  is  considerably 
enhanced  owing  to  the  effect  of  such  collisions.  The  emissivity  of  a 
recombining  plasma  is  also  enhanced,  since  in  the  recombination  pro¬ 
cess  a  quasi-equilibrium  distribution  of  excited  atomic  states  occurs 
that  emits  via  decay  to  lower  states  (bound-bound  emission) .  Calcu¬ 
lations  of  the  emissivity  due  to  this  process  therefore  depend  on 
estimates  of  the  population  of  excited  states  in  the  recombining 
plasma.  A  procedure  for  estimating  the  excited-state  population  has 
been  given  by  Bates.  Kingston,  and  McWhirter  (References  11-72. 
11-73).  This  procedure  consists  of  setting  up  rate  equations  to 
describe  the  population  changes  among  neutral  atomic  levels  that 
occur  as  a  result  of  electron  excitation  or  deexcitation  and  radia¬ 
tive  decay.  Three  assumptions  are  made  in  the  solution  of  these 
equations:  the  populations  of  highly  excited  levels  above  some  large 
principal  quantum  number  are  assumed  to  be  in  Saha  equilibrium  with 
the  plasma:  either  all  the  radiation  emitted  in  the  decay  process  is 
assumed  to  escape  from  the  plasma  or  it  is  assumed  optically  thick 
in  strong  (resonance-line)  transitions:  and  neutral  collision  pro¬ 
cesses  are  neglected. 

Detailed  calculations  of  emissivities  due  to  bound-bound  transi¬ 
tions  in  recombining  plasmas  have  been  carried  out  only  for  hydro¬ 
gen  (D.  Sappenfield.  private  communication),  oxygen  and  nitrogen 
(D.  Sappenfield.  private  communication),  and  helium  plasmas  (Refer¬ 
ence  11-75).  The  results  for  oxygen,  illustrated  in  Figures  11-13 
through  11-15,  indicate  that  at  low  temperatures  (<6000  K)  the  bound- 
bound  emission  is  probably  the  most  intense  type  of  radiation  in  a 
recombining  plasma. 

The  accuracy  of  calculations  of  bound-bound  emissivities  cannot 
be  estimated  easily,  since  the  coefficients  of  the  rate  equations 
that  determine  the  excited  neutral  populations  are  obtained  from 
theoretical  calculations  of  uncertain  accuracy.  Indirect  evidence  of 
the  validity  of  the  calculations  for  oxygen  and  helium  plasmas  has 
been  obtained  by  comparing  the  results  with  experimentally  determined 
level  populations.  M.  Peck  and  D.  Sappenfield  (private  communication) 
have  compared  level  populations  computed  for  an  oxygen  plasma  with 
those  obtained  from  visible  observations  of  a  nuclear  event.  They 
found  good  agreement  in  the  relative  populations  obtained  by  both 
methods.  Johnson  and  Hinnov  (Reference  11-75)  have  applied  the  same 
procedure  to  a  helium  plasma  and  compared  calculated  results  with 
the  observed  level  populations  obtained  by  emission  of  light  in  a 
helium  afterglow.  They  found  it  necessary  to  modify  considerably  the 
classical  electron  collision  cross-sections  in  order  to  obtain 
agreement  with  the  level  populations  determined  experimentally. 

Among  the  foregoing  three  assumptions,  that  relating  to  Saha 
equilibrium  was  checked  by  varying  the  quantum-number  level  above 
which  it  was  assumed  that  Saha  equilibrium  prevails.  No  appreciable 
error  was  noted  thereby.  In  addition,  alternative  calculations  were 
carried  out.  assuming  the  plasma  to  be  either  transparent  or  opaque 
to  resonance  radiation  (References  11-72.  11-73).  Considerable 
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deviations  in  the  populations  of  low-lying  states  occurred  as  a 
result  of  these  alternative  treatments.  Finally,  the  effect  of 
neutral  collisions  on  eaissivity  has  been  studied  theoretically  by 
Collins  (Reference  11-76).  but  has  not  been  investigated 
experimentally. 

11.8  CONCLUSICMS 

Atmospheric  radiative  processes  are  directly  related  to  the  over¬ 
all  chemistry,  in  both  the  normal  and  disturbed  atmospheres.  At  low 
altitudes  the  mechanism  of  T-V  energy  transfer  is  fast  enough  to 
maintain  LTE  vibrational  populations  of  ambient  infrared-active  spe¬ 
cies.  and  therefore  thermal  radiation  is  dominant.  Thus  for  any  given 
emitter  the  important  unknown  is  the  profile  of  its  mixing  ratio. 
Somewhere  above  70  km  the  collision  frequency  drops  to  a  value  low 
enough  that  LTE  is  no  longer  preserved.  At  about  the  same  altitude, 
other  excitation  processes  besides  T-V  energy  transfer  become  impor¬ 
tant.  These  include:  V-V  processes  such  as  the  excitation  of  CO2  by 
(Equation  11-12):  a  wide  variety  of  possible  chemiluminescent 
reactions:  and  fluorescence  due  to  sunshine  or  earthshine. 

In  low-density  plasmas,  the  important  processes  include  neutral 
and  ionic  Bremsstrahlung  (free-free  emission),  radiative  recombina¬ 
tion  (free-bound  emission),  and  line  emission  (bound-bound  emission) 
due  to  collislonal-radiative  recombination.  In  atmospheric  plasmas 
below  6000  K  the  bound-bound  emiss'on  probably  dominates. 

Much  remains  to  be  done,  both  to  understand  the  phenomenology  of 
normal  and  perturbed  atmospheric  radiative  processes,  and  to  develop 
soundly  based  and  accurate  methods  for  calculating  the  emissivity  of 
low-density  plasmas. 
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APPENDIX  l:  BAND  SHAPES  AND  BAND  WIDTHS 


The  shape  and  width  of  a  given  band  depend  on  its  rotational 
temperature,  which  is  usually  related  in  turn  to  the  local  kinetic 
temperature.  The  number  of  bands  contributing  radiation  depends  on 
the  effective  vibrational  temperature.  These  points  are  illustrated 
in  Figures  11-16  through  11~19,  for  the  spectrum  of  CO.  in  the  range 
4.30-5.30  um.  A  rough  approximation  to  the  width  of  a  particular 
emission  band  mav  be  taken  as  the  distance  between  the  peaks  of  the 
P  and  R  branches.  It  can  be  shown  that  the  width  thus  defined  is: 

Av  «  2.35(BTrot)°‘^c*“~^‘  (11-43) 

where  B  is  the  rotational  constant  of  the  emitting  state  and  T^o^ 
the  rotational  temperature.  The  band  origin  of  the  (1-0)  transition 
as  given  in  Table  ll-l  is  at: 

~  ~  ,  (11-44) 

where  and  are.  respectively,  the  vibr.ational  constant  and 

the  first  anharmonic  correction  term.  Succeeding  band  origins  of 
(2-1),  (3-2),  etc.,  ate  displaced  by  v(2ueXe)  cm“i  where  v  is  the 
vibrational  quantum  number  of  the  lower  state.  The  Vq  end  B  data 
in  Table  ll-l  are  adequate  for  rough  calculations  of  both  band  loca¬ 
tion  and  band  width.  For  polyatomic  species,  which  have  more  than 
one  rotational  constant,  the  one  given  in  Table  il-l  is  the  largest 
value  for  the  species. 
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APPENDIX  II:  INFRARED  EMISSION  RELATIONSHIPS 


Following  are  definitions,  equations,  and  convecsxon  factors  and 

constants  that  are  useful  in  calculating  infrared  enlssion  rates  of 

gases: 

A.  Definitions 

S  {cm~2  atm"^)  Integrated  bandstrength  of  a 

transition 

Sq  (ca"2  Bandstrength  of  an  electronic 

transition 

f  Oscillator  strength  or  “f-value" 

of  a  transition 

N(<ol(cffi~^)  Column  density  of  a  radiating 

species 

Wavelength  of  a  transition 

A  (sec~^)  Einstein  spontaneous  radiative 

transition  probability 

B  (watts  cm"2  stet"^  um"^)  Surface  brightness  of  a  radiating 

vo lume 

cm“2y,ni-i)  irradiance  falling  upon  a  surface 

from  either  earthshine  or  sunshine, 
respectively. 

F  Fraction  of  molecules  in  an  irradiated 

column  excited  per  second  under  the 
influence  of  sunshine  irradiance 

B.  Equations 

S  =  0.357  X^A  =  2.30  x  lO^f 
U 

-19  -1  -1 

hv  =  1,98  X  10  watt-sec  photon 


F  =  1.87  X  10  ^  X^  R,  S 

U  Xue 

F  X  N  ,  =  excitation  rate  along  a  line  of  sight 
col 
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B  ■  *■  "col  B  ”  Ve  B  “col. 

In  the  absence  of  quenching 
C.  Conversion  Factors  and  constants 

=  io*/\>(citt"^) 

V  (cm”^)  =  10*/X  (u®) 

AX  (u.®)  »  10^  Av  (cm~^)/(w  ca”^)^ 

=  10  ^  X^  (u®)  Aw  (cm 

Aw  {cm"l  =  10^  AX  {Tim)/(X(v®) 

1  erg  =  1.986  x  10"^®  c®"^ 

-19 

[photons/sec]  x  - -  “  watts 

ergs/sec  x  10"^  =  watts 

Loschaidt's  No.  =  2.687  x  10^®  cn”^ 

Boltzmann's  constant  =  1.380  x  10  ergs/K 

=  0.695  cm'^/K 

1  cm-1  =  2.998  X  10^0  Hz 

Planck's  constant  =  6.626  x  10"^^  erg-sec 
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13B.  SOLAR  PHOTODISSOCIATIOM  IN  THE  ATMOSPHERE 


R.P.  Turco.  R&D  Associates 
R.E.  Huffman.  Air  Force  Geophysics  Laboratory 
(Latest  Revision  IB  June  1979) 


13B . 1  INTRODUCTION 

A  comprehensive  description  of  the  chemical  interactions  of  solar 
radiation  with  the  earth's  atmosphere  necessarily  includes  consider¬ 
ation  of  photodissociation  processes  as  well  as  photoionization  pro¬ 
cesses.  which  are  discussed  in  Chapter  13  (now  Chapter  13A) . 

The  basic  photodlssoclatlon  event  involves  the  absorption  of  a 
photon  by  a  Molecule,  resulting  In  the  rupture  of  a  chemical  bond. 
This  produces  neutral  fragments  having  generally  greater  chemical 
reactivity  than  the  original  molecule.  A  few  general  comments  will 
serve  to  further  differentiate  photodlssoclatlon  from  photoionization 
in  the  earth's  atmosphere.  The  important  altitudes  for  photodisso¬ 
ciation  are  from  ground  level  to  about  200  km,  which  are  lower  than 
for  photoionization.  Also,  the  important  wavelengths  are  longer, 
since  dissociation  energies  are  almost  always  less  than  ionization 
energies.  The  wavelength  region  of  interest  extends  from  the  intense 
hydrogen  Lyman-alpha  line  at  121.6  nm  through  the  ultraviolet  and 
the  visible  to  about  7S0  nm.  Since  the  solar  flux  available  between 
100  arid  300  nm  at  altitudes  below  150  km  is  controlled  largely  by 
the  atmospheric  absorption  due  to  molecular  oxygen  and  ozone,  this 
absorption  must  be  treated  in  some  detail. 

The  wavelength  region  below  100  nm  has  usually  been  neglected  in 
discussions  of  photodissociation,  and  will  be  neglected  here.  The 
photolysis  of  molecular  nitrogen  at  these  wavelengths,  however,  now 
appears  to  be  an  important  source  of  nitrogen  atoms  (Reference 
13B-1).  The  rate  for  the  dissociation  process 

N2  +  hu  -*  N  +  N 

at  the  top  of  the  atmosphere  is  reported  in  Reference  13B-1  as  1.90 
X  10~®sec~^.  An  unknown  fraction  of  the  products  is  thought  to  be 
in  the  excited  N(2d)  state. 

One  final  distinction  between  photodissociation  and  photoioniza¬ 
tion  effects  within  the  context  of  the  earth's  atmosphere  is  that 
chemical  models  of  atmospheric  composition  must  generally  Include 
many  more  photodissociation  than  photoionization  processes. 

This  chapter  provides  information  on  molecular  photodissociation 
rates  in  the  atmosphere  at  solarsZenith  angles  of  30,  60.  and  75 
degrees.  In  order  to  calculate  these  rates,  it  is  first  necessary  to 
specify  the  photodissociation  cross-sections.  Incident  solar  fluxes, 
and  an  atmospheric  model  for  light  attenuation  and  scattering. 
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These  subjects  ace  discussed  in  Sections  I3B.2,  13B.3.  and  13B.4. 
respectively.  Photodissociation  cate  parameters  are  given  in  section 
13B.5.  Although  only  the  photodissociations  of  neutral  molecules 
are  dealt  with  here,  photodissociations  of  positive  and  negative 
ions,  both  simple  and  clustered,  are  also  of  aeconomic  importance. 
Calculations  for  these  species  may  be  added  in  some  future  revirion 
of  this  chapter,  when  sufficient  ccoss-sectior  data  are  available. 

13B.2  CHOSS-SECTIOKS  FOR  INDIVIDUAL  ABSORBING  SPECIES 

Table  13B-1  summarizes  the  literature  sources  of  available  photo¬ 
dissociation  data  (cross-sections  g  and  quantum  yields  y)  for  18 
gaseous  species  of  interest. 


Table  I3B-I.  Photodissociation  data  sources  for  gaseous  species. 
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The  cross-sections  have  generally  been  determined  to  within  10-20\ 
uncertainties  in  regions  of  strong  molecular  absorption,  e.g..  for 
O2  in  the  Schi'mann-Runge  (S-R)  continuum,  and  for  O3.  HO2.  NO3.  N2O5, 
and  HNO3.  In  weaker  aosorption  regions,  the  cross-secrion  uncer¬ 
tainty  can  be  as  large  as  SOX  or  more,  e.g..  for  O2  in  the  Herzberg 
continuum,  and  for  N2O.  H2O.  H2O2.  CO2.  CH4.  and  OCS. 

Several  species  display  considerable  band  structure  in  their  ab¬ 
sorption  spectra,  and  the  measured  cross-sections  are  dependent  upon 
experimental  gas  pressure  and  wavelength  resolution.  Because  of 
band  structure,  the  cross-sections  for  HNO2.  CO2.  HCHO,  and  SG2  are 
uncertain  by  30-50%  at  many  wavelengths.  (The  02(S-R)  and  NO(delta) 
absorptions  are  discussed  in  Section  13B-4.)  The  absorptions  of  two 
soecies  (HO2  and  H2S)  have  been  measured  only  once  at  important 
wavelengths:  the  observed  cross-sections  are  therefore  tentatively 
assigned  a  50%  uncertainty  pending  verification  by  additional  mea¬ 
surements.  At  the  solar  Lyman-alpha  line,  the  absorption  cross- 
section  of  O2  is  kno%m  to  better  than  5%.  and  those  of  H2O  and  CH4 
to  better  than  20%;  for  other  dissociating  species  Lyman-alpha  ab¬ 
sorption  is  not  significant. 

The  absorption  cross-sections  of  O2.  NO2.  N2O.  CO2.  and  OCS  are 
temperature-sensitive  (References  13B-2  through  13B-4  and  13B-7}. 

In  carrying  out  calculations  ancillary  to  the  preparation  of  this 
chapter  (see  Section  13B.5).  cross-sections  were  adjusted  to  a  typi¬ 
cal  upper-atmospheric  temperature  of  230K. 

Uncertainties  in  pbotcdissociation  quantum  yields  are  often  larger 
than  those  in  the  corresponding  total  absorption  cross-sections. 
Discussions  of  quantum  yield  data  relevant  to  this  chapter  ace 
available  (References  13B-2,  13B-3}.  The  quantum  yields  for  C3 
Photolysis  in  terms  of  alternative  sets  of  products  are  well  estab¬ 
lished.  The  cutoff  wavelength  for  0(^D)  production,  lies  at  about 

310  ±  5  nm.  The  direct  formation  of  O2  (  Sg)  by  ozone  photolysis 
below  266  nm  is  insignificant,  and  is  not  taken  into  account  in  the 
calculations  mentioned  above.  The  total  photodissociation  effi¬ 
ciency  adopted  for  CO2  is  unity  at  all  wavelengths  (Reference 
13B-6),  although  quantum  efficiencies  as  low  as  0.5  have  been 
measured  in  the  range  150-166  nm  (Reference  13B-8).  Below  166  nm 
CO2  photolysis  is  assumed  to  produce  exclusively  0(^D).  while 
above  this  wavelength  only  ground-state  oxygen  atoms  ace  generated. 
The  branching  ratio  for  CH4  photolysis  to  produce  either  atomic  or 
molecular  hydrogen  is  uncertain  by  a  factor  of  two.  The  quantum 
yields  for  HCHO  photolysis  to  form  either  molecular  products  (H2  + 

CO)  or  radicals  (H  +  CHO)  are  uncertain  by  roughly  50%  above  320  nm. 
and  30%  below  this  wavelength.  The  photodissociation  products  and 
quantum  yields  have  not  yet  bean  determined  for  N2O5:  unit 
quantum  yield  is  assumed  (Reference  13B-3)  for  the  process: 

N2O5  +  hv  -♦  N2O4  +  o  =  2NO2  +  o. 
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13B.3  THE  SOLAR  FLUX  ABOVE  THE  ATKOSPHERE 

The  solar  flux  incident  at  the  top  of  the  atmosphere,  and  the 
attenuated  solar  flux  for  10-km  altitude  intervals  from  10  to  170  km, 
are  shown  for  zenith  angles  of  30.  60,  and  75  degrees  in  Figures 
13B-la.  b.  and  c,  respectively.  (Scattered  ad  reflected  radiation 
are  not  included  in  these  figures.) 

The  solar  fluxes  indicated  fo.:  the  wavelength  region  140-330  nm 
and  at  the  Lyman-alpha  line  (121.6  nm)  for  average  solar  conditions 
are  based  upon  compiled  and  evaluated  observational  data  (Reference 
13B-9}.  In  the  C2  Schumann-Runge  band  region  (178-198  nm)  the 
attenuated  fluxes  only  at  altitudes  of  30.  SO,  70,  and  90  km  are 
shown  for  clarity.  Beyond  330  nr.,  the  solar  fluxes  have  been  aver¬ 
aged  from  a  relatively  recent  tabulation  (Reference  13B-10),  replac¬ 
ing  values  recommended  previously  (Reference  13B-11). 

Wavelengths  below  140  nm  must  be  considered  in  order  to  take 
account  of  CO2  photodissociation.  Accordingly,  the  CO2  dissociations 
in  ths  highly  absorbing  regions  127.5-137.5  nm  and  110-115  nm  have 
been  included  by  using  standard  solar  fluxes  (Reference  13B-9)  and 
measured  cross-sections  for  CO2  and  O2  (Reference  13B-2).  (O2  is 

the  major  atmospheric  absorber  at  these  wavelengths.) 

Detai?ed  assessments  are  available  describing  the  uncertainty  and 
variability  of  solar  fluxes  above  the  atmosphere  (References  13B-3, 
13B-9.  13B-11,  13B-12).  Briefly,  for  the  range  140-300  nm  the  mea¬ 
sured  fluxes  are  about  10-30%  uncertain  at  any  given  time  and  have  a 
27-day  solar-rotation  variation  of  about  10%  at  140  nm,  decreasing 
to  less  than  1%  at  240  nm,  with  possibly  an  11-year  solar-cycle  var¬ 
iation  of  up  to  50%  at  140  nm,  decreasing  to  about  5-10%  at  300  nm. 
Above  300  nm,  the  solar-flux  uncertainty  and  variability  are  less 
than  about  10-15%  overall.  At  the  Lyman-alpha  line  (121.6  nm)  there 
are  about  a  30%  uncertainty  and  a  30-60%  variability. 

In  the  jesosphere  and  lower  thermosphere,  solar  variability  has 
been  shown  theoretically  to  cause  variations  in  the  O  and  O3  densi¬ 
ties  throu<:»h  O2  and  H2O  photodissociations  (References  13B-13, 
13B-14).  Hence  solar  variability  may  be  important  to  consider  in 
aeronomic  investigations  of  the  oxygen  and  hydrogen  constituents  in 
the  upper  atmosphere. 

13B.4  ATMOSPHERIC  ArTEHTUATIo:.  AND  SCATTERING  OF 
SOLAR  RADIATION 

For  solar  radiation  to  dissociate  the  molecular  constituents  of 
the  atmosphere,  it  must  first  propagate  through  an  overlying  layer 
of  air.  Photons  in  transit  may  be  absorbed  or  scattered,  thereby 
attenuating  the  direct  solar  beam.  Moreover,  light  may  be  reflected 


13B-4 


Revision  No.  9.  June  1983 


(pholont/cm^-MC-nm) 


NOTE:  CURVES  LABELED  BY 
ALTITUDE  LEVEL  (km) 


WAVELENGTH  (nm) 

Figure  13B-lc.  Solar  irradiances  in  the  atmosphere  for  a  zenith 
angle  of  /5  degrees. 
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or  scattftced  into  otherwise  shadowed  regions,  enhancing  flux  intensi¬ 
ties  there. 

13B.4.I  Atwospbetic  Absorption 

The  absorption  law  governing  the  direct  transsission  of  radiation 
through  the  atwosphere  is: 

T(\)  .  exp  [-■'(>•)]  •  (13B-1) 

where  T(X}  is  the  transmission  at  wavelength  X.  The  optical  depth 
T{X)  is  determined  by: 

•t(X)  -  E  Oi(X>Ni.  (13B-2) 

i 

where  is  the  total  absorption  cross-section  of  the  i'th  constitu¬ 
ent  in  cm2  and  is  its  column  density  in  molecules  per  ca2-columa 
along  the  absorption  path. 

These  relationships  hold  strictly  for  a  single  wavelength,  but 
they  are  assumed  to  be  satisfactory  as  well  over  wavelength  intervals 
of  moderate  extent,  where  the  absorption  cross-section  and  the  inci¬ 
dent  solar  flux  are  relatively  constant.  For  several  cases  important 
in  atmospheric  photodissociation,  this  assumption  is  not  valid  owing 
to  the  presence  of  absorption  bands  consisting  of  many  narrow  lines. 
The  02(S-B}  bands  and  several  NO  band  systems  are  examples.  In  such 
cases,  band  models  or  other  more  elaborate  treatments  are  necessary. 

Absorption  in  the  02(S-B}  band  system  between  175  and  200  nm  can 
be  determined  accurately  using  a  high-resolution  cross-section  in¬ 
corporating  thousands  of  individual  rotational  lines  with  explicitly 
specified  strengths  and  shapes.  For  convenience  of  application,  such 
a  detailed  cross-section  is  usually  employed  to  calculate  effective 
O2  transmission  factors  and  dissociation  rates  in  a  set  of  finite 
wavelength  intervals  (usually  corresponding  to  the  02(S-R}  vibra¬ 
tional  bands)  as  functions  of  the  O2  column  density  and  local  air 
temperature.  The  effective  absorption  parameters  so  obtained  are 
fitted  with  appropriate  polynomials  or  interpolation  constants  and 
tabulated  for  general  use  (References  13B-15  through  I3B-18).  The 
accuracy  of  the  detailed  absorption-model  calculations  is  related  to 
the  accuracy  of  the  line  widths  and  line  strengths  upon  which  they 
are  based,  and  is  probably  about  20%  overall. 

A  simpler  method  for  treating  the  0^(S-R}  bands  has  been  used  in 
calculations  ancillary  to  the  preparation  of  this  chapter  (Section 
I3B.5).  This  method  utilizes  a  band  absorption  model  for  small  wave¬ 
length  intervals  (O.I  nm)  over  the  S-R  band  region  (Reference  13B-2) . 
In  the  band  model  adopted  for  this  purpose,  the  optical  depth  is 
proportional  to  the  O2  column  density  for  weak  absorption,  and  to 
the  square  root  of  the  column  density  for  both  moderate  and  strong 
absorptions.  The  square-root  law  has  been  verified  experimentally 
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foe  moderate  absorption  in  the  02(S-R)  bands  (Reference  I3B-19). 

This  law  is  ?es8  valid  for  rtrong  absorption,  but  in  the  application 
considered  here  the  contribution  to  atmospheric  photodissociation 
from  the  spectral  intervals  suffering  strong  02(S'R)  band  absorption 
can  be  neglected  (Reference  13B-2).  The  uncertainty  in  02(S-R)  band 
absorption  determined  with  the  band  model  is  about  30X  (Reference 
13B-2) . 

The  dissociation  rate  of  NO  in  the  (0.0)  and  (1,0)  delta  bands  is 
calculated  using  the  results  of  a  detailed  line-by-line  computation 
(Reference  13B-20),  but  with  the  overall  rate  lowered  by  a  factor  of 
2.3  to  account  for  revised  values  of  the  oscillator  strengths  (Ref¬ 
erence  13B-21).  Considering  the  uncertainty  in  the  estimated  absorp¬ 
tion  of  the  NO  lines  by  the  O2  rotational  spectrum,  however,  the 
accuracy  of  the  results  obtained  in  these  calculations  is  probably 
only  about  50%. 

13B.4.2  Distributions  of  Light-Attenuating  Species 

The  only  important  upper-atmospheric  light-attenuating  species  in 
the  wavelength  range  100-1000  nm  are  O2  and  O3 ,  The  vertical  profile 
of  O2  used  for  the  photodissociation  rate  calculations  described  in 
Section  13B.S  is  the  mean  reference  profile  presented  in  Chapter  2A 
of  this  Handbook.  The  O3  profile  adopted  in  this  same  computational 
context  is  taken  from  an  empirical  model  for  midlatitude  O3  concen¬ 
trations  at  altitudes  to  75  km  (Reference  13B-22);  above  75  km 
absorption  due  to  O3  may  be  neglected. 

Concentrations  of  O2  vary  with  location,  season,  and  (for  alti¬ 
tudes  above  100  km)  with  solar  activity  (Reference  13B-2j).  Below 
100  km,  however,  these  variations  are  usually  only  of  the  order  of 
10-20%  and  are  relatively  well  defined  by  season  and  latitude.  In 
the  altitude  range  100-150  km.  the  variations  range  up  to  50%.  but 
are  generally  associated  with  such  ascertainable  geophysical  condi¬ 
tions  as,  e.g.,  the  exospheric  temperature. 

The  attenuation  of  sunlight  by  O3  begins  neat  55  km  and  increa¬ 
ses  rapidly  ./ith  decreasing  altitude  down  to  about  IS  km.  Above  50 
km,  the  O3  concentration  oscillates  diurnally,  but  this  phenomenon 
can  usually  be  ignored  in  photodissociation  calculations. 

The  variability  of  O3  density  is  a  topic  of  intensive  study. 
Locally,  the  total  O3  column  density  may  vary  by  up  to  30-40%  from 
day  to  day  (References  13B-24,  13B-26).  For  altitudes  in  the  range 
20-55  km.  the  O3  concentration  typically  varies  by  10-20%  (Reference 
13B-22).  Larger,  as  much  as  twofold,  variations  in  O3  that  occur 
below  20  km  are  probably  associated  with  meteorological  variations 
(References  13B-22.  13B-24,  13B-25). 

The  global  average  O3  vertical  column  density  is  about  (8-9)  x 
10l9  molecules  per  cm2.  Averaged  yearly,  roughly  50%  more  O3  occurs 
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at  the  poles  than  at  the  equator  (References  I3B-24.  13B-25).  A 
seasonal  variation  in  O3  density  also  exists,  with  the  abundance  in 
winter  and  spring  generally  exceeding  that  in  summer  and  fall  by 
about  50%  at  high  latitudes,  but  less  than  10%  at  low  latitudes 
(Refer««nces  13B-24.  13B-25). 

When  averaged  from  year  to  year,  the  total  O3  column  density  at  a 
given  location  usually  varies  by  about  5%.  the  largest  variability 
being  associated  with  higher  latitudes  (References  13B-3,  13B-26. 
13B-27).  The  quasi-biennial  variation  in  total  O3  is  about  2% 
with  little  latitude  dependence  observed  (Reference  13B-26).  The 
11-year  total  O3  variation  (apparently  related  to  the  sunspot 
cycle)  is  characteristically  less  than  5%  at  high  latitudes  and  less 
than  2%  at  low  latitudes  (References  13B-26.  13B-27). 

13B.4.3  Scattered  Radiation 

The  consideration  of  photodissociation  processes  at  wavelengths 
not  strongly  absorbed  in  the  l.^wer  atmosphere  must  take  account  of 
the  reflection  and  scattering  of  sunlight  by  the  earth's  surface  and 
by  air  molecules  and  particulates,  including  clouds.  Scattering  can 
either  attenuate  or  enhance  the  radiation  received  at  a  given  obser¬ 
vation  point,  depending  upon  the  location  of  that  point  with  respect 
to  the  sun  and  the  scattering  region.  Above  a  reflecting  layer, 
molecular  photodissociation  rates  are  enhanced  by  an  amount  related 
to  both  the  reflection  spectrum  of  the  layer  and  the  absorption  spec¬ 
trum  0):  the  species  being  dissociated. 

The  intensities  of  scattered  and  reflected  sunlight  in  the  atmos¬ 
phere  have  been  calculated,  using  a  model  for  radiation  transport  in 
a  scattering,  absorbing  atmosphere  over  a  partially  reflecting  sur¬ 
face  (Reference  I3B-28).  The  results  of  this  calculation  can  be 
interpreted  quite  simply  as  indicating  that  for  an  average  surface 
and  cloud  albedo  of  about  0.30.  light  intensities  at  altitudes  above 
10  km  for  wavelengths  longer  than  310  nm  are  enhanced  by  about  40% 
due  to  scattering  and  reflection.  Other  calculations  suggest  that 
this  enhancement  is  nearly  independent  of  solar  elevation  for  zenith 
angles  lesf  than  60  degrees  (Reference  13B-29).  Upon  closer  inspec¬ 
tion  it  may  be  seen  from  the  results  of  the  sunlight  intensity  cal¬ 
culations  (Reference  13B-28)  that  scattered  and  reflected  light 
intensities  are  nearly  zero  at  305  nm  and  increase  rapidly  to  about 
40%  of  the  incident  intensity  at  320  nm.  Therefore,  for  purposes  of 
the  photodissociation  rate  computation  of  Section  13B.5,  a  linear 
increase  has  been  adopted  over  the  wavelength  range  305-320  nm. 

At  shorter  wavelengths,  i.e.,  200-300  nm.  large  relative  photon- 
flux  enhancements  can  occur  in  the  stratosphere  because  of  scatter¬ 
ing.  These  enhancements  have  little  aeronomic  consequence,  however, 
since  the  absolute  fluxes  involved  are  extremely  small  (Reference 
13B-28) . 
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The  average  global  surface  albedo  of  0.30  comprises  about  half 
cloud  albedo,  averaging  0.50.  and  half  ocean  albedo,  averaging  0.10 
(Reference  13B-30) .  The  cloud  albedo  spectrum  is  relatively  flat 
throughout  the  visible  and  near-ultraviolet  regions,  while  the  spec¬ 
trum  for  natural  water  surfaces  peaks  in  the  visible  and  falls  off 
by  about  30%  in  the  near  ultraviolet  (Reference  13B-30). 

Because  the  local  surface  and  cloud  albedos  can  range  from  less 
than  0.10  to  more  than  0.60.  scattered  and  reflected  light  intensi¬ 
ties  vary  widely  with  geographic  location  and  meteorological  condi¬ 
tions  (Reference  13B-30).  At  large  solar  zenith  angles  (i.e.. 
exceeding  75  degrees),  scattered  light  intensities  are  difficult  to 
calculate,  and  the  approximate  model  used  in  Section  13B.5  is  inap¬ 
plicable.  Thus,  while  the  global  average  scattered  and  reflected 
light  fluxes  assumed  in  Section  13B.S  are  probably  accurate  to  within 
30%  at  wavelengths  longer  than  310  nm.  they  could  vary  approximately 
two-fold  locally,  and  by  still  greater  factors  at  large  zenith 
angles . 

13B.S  MOLECULAR  PHOTODISSOCIATION  IN  THE  ATMOSPHERE 

Given  the  fundamental  information  contained  in  the  preceding 
three  sections,  rates  of  photodissociation  of  gaseous  species  in  the 
atmosphere  may  be  calculated  for  a  variety  of  conditions.  Moreover, 
the  limitations  of  application  of  these  rates,  owing  to  uncertain¬ 
ties  associated  with  the  basic  data,  may  also  be  specified. 

13B.5.1  Calculated  Photodissociation  Rates 

The  rate  of  occurrence  of  photodissociation  of  molecules  of  the 
i ' th  gaseous  species  at  a  given  location  in  the  atmosphere  is  given 
by: 

Si(cm-3sec-^)  =  riif  ^^(X)  l(\)  d\  =  niJi  .  (13B-3) 

where  n^  is  the  local  number  density  (cm"^)  of  the  dissociating 
molecule,  Oi(X)  is  the  photodissociation  cross-section  in  cm2  ^t 
wavelength  and  I(X)  is  the  local  solar  flux  intensity  (photons 
cro~2Bec"i)  per  unit  wavelength. 

The  photodissociation  rates  Ji(6ec“^)  for  23  processes  involving 
17  of  the  18  species  listed  in  Table  13B-1  (omitting  NO3)  ate  pre¬ 
sented  in  Figures  13B-2a,  b,  and  c  for  solar  zenith  angles  of  30. 

60,  and  75  degrees,  respectively.  The  photodissociation  processes 

shown  are  -»  0  +  O;  ->  o  o(^D):  -»  o  +  Og:  -» 

O  +  -»  0(^D)  +  NO  -►  N  +  O;  NO^  -♦  NO  +  O;  N^O  -» 

N.,  +  0{^D);  N.,0,,  -»  NO.,  +  NO.,  +  O;  HNO.,  -►  OH  +  NO;  HNO.,  OH  +  NO_ ; 
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HO2  -♦  OH  +  O;  HgO  -*  OH  +  H;  H^O^  -»  OH  +  OH;  CO^^^  -»  CO  +  O;  CO^^^ 

-»  CO  +  0(S);  ChJ^^  -♦  CH,  +  H;  CH^^^  -►  CH.  +  H,;  HCHO^^^  -»  CHO  +  H; 

4  3  4  2  2 

HCHO^^^  -*  CO  +  H2;  SOj  -»  SO  +  O;  OCS  -»  CO  +  S<^D);  HjS  HS  +  H. 

The  are  given  for  altitudes  between  10  and  170  km;  they  remain 
essentially  constant  above  this  range.  Using  Figures  13B-2a,  b,  and 
c  to  find  the  appropriate  to  a  given  altitude  and  solar  zenith 
angle,  the  value  of  may  readily  be  calculated  for  any 
concentration  n^  of  the  i'th  species,  using  Equation  (13B-3). 

Dissociation  products  have  been  indicated  above  wherever  these 
are  known.  Where  no  electronic  state  is  given,  the  process  is 
either  known  or  assumed  to  yield  only  ground-state  products.  In  a 
few  instances,  however,  possible  excited  states  are  ignored,  e.g.. 
in  the  CH2  product  of  CH4  photolysis.  Also,  excited  states 
produced  in  wavelength  regions  of  secondary  importance  to  the 
overall  dissociation  process  are  neglected,  e.g..  in  OH  due  to  H2O 
photolysis  below  140  nm  and  in  O  due  to  SO2  photolysis  below 
160  nm.  In  the  calculations  on  which  Figures  13B-2a,  b.  and  c  are 
based,  predissociation  and  direct  dissociation  are  combined  whenever 
the  products  are  the  same.  (See  Chapter  12  of  this  Handbook  for  a 
discussion  of  photodissociation  mechanisms.) 

The  photodissociation  rate  of  NO3  is  essentially  independent  of 
altitude  and  zenith  angle  and  is  therefore  not  included  in  Figures 
13B-2a.  b,  and  c.  Two  photodissociation  channels  are  thought  to  be 
involved  (Reference  13B-3): 

NO3  +  hv  -»  NO2  +  0  (J  =0.10  sec"^),  and 

NO3  +  hv  -♦  NO  +  O2  (J  =  0.04  sec--). 

Photodissociation  rates  averaged  over  24  hours  are  aften  used  in 
photochemistry  models  to  simulate  the  effect  of  diurnal  variations 
on  species  concentrations.  These  rates  can  be  found  from  the  photo¬ 
dissociation  coefficients  at  several  different  zenith  angles  by  an 
appropriate  quadrature.  A  simpler,  less  precise  technique  takes  one- 
half  the  photorate  value  for  an  "average"  solar  zenith  angle  of  about 
60  degrees  (Reference  13B-31).  The  latter  approximation  is  probably 
accurate  enough  for  most  applications  of  the  data  included  in  this 
chapter . 

For  atmospheric  considerations,  molecules  may  be  roughly  categor¬ 
ized  by  the  spectral  region  of  their  dominant  absorption.  Thus, 
molecules  fragmented  primarily  by  light  at  wavelengths  longer  than 
the  O3  Hartley-band  cutoff  near  300  nm  (NO2.  NO3 ,  HNO2.  HCHO)  com¬ 
prise  a  class  of  long-wavelength  absorbers  whose  dissociation  rates 
ate  relatively  insensitive  to  the  O2  and  O3  distributions.  In  the 
stratosphere,  however,  these  molecules  are  still  somewhat  sensitive 
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Figure  13B-2a.  Atmospheric  molecular  photodissociation  rates  at  a  solar  zenith  angle  of  30  degrees. 
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Figure  13B-2b.  Atmospheric  molecular  photodissociation  rates  at  a  solar  zenith  angle  of  60  degrees. 


to  the  O3  Huggins-band  absorption  between  300  and  330  na  (Reference 
13B-28).  Molecular  absorbers  in  the  long-wavelength  category  are 
also  affected  by  scattered  light. 

Air  constituents  with  large  absorption  coefficients  between  200 
and  300  am  (O3,  N2O5,  HNO3.  HO2.  H2O2.  H2S,  OCS)  have  photodisso- 
ciation  rates  that  are  controlled  primarily  by  O3  absorption,  while 
molecules  having  strong  absorption  features  below  200  nm  (O2.  NO. 

N2O.  H2O,  CO2.  CH4.  SO2)  have  dissociation  rates  that  are  determined 
largely  by  the  continuum  and  band  absorption  of  O2. 

l3fi.S.2  Uncertainties  in  Photodissociation  Rates 

Uncertainties  in  the  calculated  atmospheric  photodissociation 
rates  are  related  to  uncertainties  and  variabilities  in  those  para¬ 
meters  (viz.,  absorption  cross-sections,  dissociation  quantum  yields, 
incident  solar  fluxes,  scattered  and  reflected  light  intensities, 
molecular  band  absorptances.  and  O2  and  O3  concentrations)  on  which 
the  calculations  are  based.  These  sources  of  uncertainty  have  been 
discussed . 

Scattered  and  reflected  light  is  the  primacy  source  of  uncertainty 

in  the  total  photodissociation  rates  of  long-wavelength  absorbers . 

(NO2.  NO3.  MNO2.  HCHO) .  This  uncertainty  amounts  to  about  20%  for 
low- zenith-angle  global  average  conditions,  and  up  to  50%  for  more 
variable  local  situations.  For  extended  solar  elongations  and  in 
twilight,  the  relative  magnitude  of  the  scattering  effect  is  less 
predictable,  but  large  uncertainties,  exceeding  50%.  may  be 
expected.  Secondary  sources  of  uncertainty  for  these  photo  rates 
ace  associated  with  the  0^  abundance  due  to  Huggins-band 
absorption  (10%)  and  the  individual  photodissociation  cross-sections 
(10-20%). 

Molecular  species  that  ace  dissociated  by  light  between  200  and 
300  nm  (O2.  N2O5,  HNO3,  HO2.  H2O2.  H2S,  OCS)  are  most  sensitive  to 
O3  absorption.  In  the  stratosphere.  O3  variability  can  introduce 
uncertainties  of  50%  into  these  rates.  The  O3  variability  at  each 
wavelength  is  amplified  exponentially  in  terms  of  light  transmission 
(Equation  (13B-1).)  Even  though  the  variability  in  the  total  O3 
abundance  above  a  given  altitude  tends  to  decrease  with  decreasing 
altitude  down  to  about  20  km.  the  exponential  amplification  acts  to 
increase  the  over-all  photorate  uncertainty.  Other  sources  of 
uncertainty  in  these  photodissociation  rates  arise  in  connection  with 
absorption  cross-sections  and  solar  fluxes.  The  C3  dependence  of 
these  photo-cates  should  be  kept  in  mind  when  applying  the  data  given  in 
this  chapter,  always  being  sure  to  associate  the  tabulated  rates  with 
the  adopted  O3  distribution  (Reference  13B-22). 

Photodissociation  rates  that  depend  upon  radiation  at  wavelengths 
below  200  nm.  including  the  Lyman-alpha  line,  (O2.  NO.  NoO,  H2O,  CO2 
CH4.  SO2)  are  most  sensitive  to  O2  absorption.  Variability  in  O2 
concentrations  and  uncertainty  in  O2  S-R  band  absorptances  can  lead 
to  a  30-40%  uncertainty  in  these  photorates.  Above  70  km  altitude, 

13B-16 

Revision  No.  9.  June  1983 


CHAPTER  L3B 


both  H2O  and  CH4  are  dissociated  ptistaiily  by  Lynan-alpha  radiation: 
the  photodissociation  rates  are  therefore  sensitive  to  the  varia¬ 
bilities  in  O2  abundance  (20%)  and  Lynan-alpha  flux  (30-60%).  For 
all  the  BOlecules  in  this  category,  uncertainties  in  the  photodis¬ 
sociation  rate  include  contributions  due  to  the  variability  and 
uncertainty  in  solar  fluxes  below  200  nm  (30-40%),  and  due  to  the 
uncertainties  in  cross  sections  as  well. 

Several  species  (O'  N2O.  SO2.  H2S.  OCS)  are  dissociated  at  high 
altitudes  by  radiation  of  wavelengths  shorter  than  200  nu,  and  at 
low  altitudes  by  middle-wavelength  radiation  (200-300  nra) .  Hence 
for  different  altitude  regions  the  primary  determinants  of  the  dis¬ 
sociation  rate  uncertainty  among  the  different  contributing  parame¬ 
ters  may  themselves  differ.  To  some  extent,  this  is  also  true  for 
species  (O3.  H9O2,  HNO3,  N2O5)  that  absorb  both  middle-  and  long- 
wavelength  radiation. 

For  certain  photodissociating  species  (NO3,  CH4.  KCHO).  the  uncer¬ 
tainties  in  dissociation  quantum  yields  contribute  a  substantial 
uncertainty  to  the  computed  dissociation  rates.  This  gives  rise  to 
a  50%  uncertainty  in  the  photodissociation  branching  ratios  for  ..nese 
molecules . 

Above  a  certain  altitude  (roughly  10.  60,  and  120  Icm  for  long-, 
middle-,  and  short-wavelength  absorbers,  respectively)  eich  photo¬ 
dissociation  rate  depends  mainly  upon  the  incident  (and  reflected) 
solar  flux  and  the  dissociation  cross-section.  For  each  photodis¬ 
sociation  process  treated  in  this  chapter,  the  corresponding  “zero 
optical  depth"  uncertainty  in  the  dissociation  rate  is  given  in  the 
appropriate  part  of  Table  24-1  in  Chapter  24  of  this  Handbook. 
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20 . 1  INTRODUCTXCRI 

The  many  physical  and  chemical  interactions  that  occur  virtually 
continuously  at  altitudes  between  sea  level  and  about  1000  km  com¬ 
prise  a  response  of  the  atmosphere  to  its  absorption  of  both  solar 
and  anthropogenic  energy  under  either  quiescent  or  disturbed  condi¬ 
tions.  Atmospheric  disturbances  arise  in  nature  by  virtue  of  solar 
flares,  electron  and  proton  precipitations,  volcanic  activity  and 
the  like,  to  all  of  which  mankind  adds  the  debris  of  combustion, 
pollution,  explosions,  and  other  products  of  his  civilization. 

Energy  absorption  by  atmospheric  constituents  of  all  kinds  is  mani¬ 
fest  in  several  ways,  including  in  particular  the  generation  of 
large  numbers  of  excited  species.  These  may  be  unstable  with  re¬ 
spect  tc  radiative  deexcitation  (characterized  by  short  lifetimes), 
or  they  may  be  metastable.  Moreover,  such  excited  species  may  be 
either  electrically  neutral  or  ionic,  and  either  atomic  or  molecular 
in  composition.  They  all  play  an  important  role  in  the  atmosphere, 
in  ultimately  dispersing  the  energy  absorbed.  Excited  metastable 
species  play  significant  secondary  roles  in  the  physics  and  chemis¬ 
try  of  the  atmosphere,  i.e.,  by  way  of  energy-transfer  interactions 
with  ground-state  species. 

This  chapter  deals  with  the  excitation  and  deexcitation  of  atmos¬ 
pheric  species  first  by  discussing  the  relevant  excitation  mechanisms 
(Section  20.2)  and  the  characteristics  of  excited  states  (Section 
20.3).  Xn  addition,  the  chapter  presents  detailed  information  on 
the  excitation  and  deexcitation  of  particularly  important  excited 
species  (Section  20.4).  and  reaction  rate  coefficients  appropriate 
to  the  relevant  energy-transfer  interactions  (Section  20.5).  The 
emphasis,  therefore,  is  on  the  characteristics  of  both  the  excited 
states  of  important  species  and  their  chemical  reactions  in  both 
quiescent  and  disturbed  atmospheric  media. 

At  one  time  the  role  of  excited-state  reactions  in  the  laboratory 
as  well  as  in  the  atmosphere  were  considered  to  be  of  minor  conse¬ 
quence  relative  to  that  of  ground-state  reactions.  Xt  is  now  recog¬ 
nized,  however,  that  in  any  ambience  small  numbers  of  raetastably 
excited  species  may  have  disproportionately  large  effects  on  the 
overall  chemical  phenomenology,  and  that  consequently  they  may  sig¬ 
nificantly  affect  both  steady-state  conditions  and  the  relaxation  of 
highly  disturbed  gas-phase  systems  of  all  kinds. 
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The  roles  of  specific  excited  species  in  both  quiescent  and  dis¬ 
turbed  atmospheric  systems  as  well  as  laboratory  systems  have  been 
reported  extensively  (References  20-1  through  20-16).  Excited  spe¬ 
cies  and  the  transfer  of  their  energy  of  excitation  to  other  species 
have  attracted  particular  attention  with  the  advent  of  lasers  (Ref¬ 
erence  20-17).  other  studies  have  focused  upon  the  role  of  excited 
species  in  specific  portions  of  the  atmosphere,  e.g..  the  stratos¬ 
phere  (Reference  20-16)  and  the  quiescent  ionosphere  (Reference 
20-19).  More  general  considerations  of  the  role  of  excited  species 
in  the  atmosphere  as  a  whole  under  varying  conditions  of  ambience 
have  also  appeared  (Reference  20-20) . 

20.2  EXCITATION  AND  DEEXCITATION  MECHhNXSMS 

The  elevation  of  species  from  lower  energy  levels,  e.g.,  ground 
state,  to  either  radiative  or  metastable  excited  states  may  proceed 
via  photoabsorption,  charged  particle  impact,  charge  exchange  and 
charged  rearrangement  processes,  collisions  among  neutral  species 
with  and  without  rearrangement,  and  dissociative  recombinations. 

These  processes  are  briefly  described  in  this  section.* 

In  general,  each  excitation  process  is  matched  by  a  corresponding 
inverse  deexcitation  mechanism,  such  that  the  rate  coefficient  for 
the  latter  is  derivable  from  that  for  the  former  by  application  of 
the  principle  of  detailed  balance. 

20.2.1  Photoabsorption 

Within  the  context  of  this  chapter,  the  term  "photoabsorption* 
broadly  includes  the  photo- induced  dissociation  (cf.  Chapter  13B). 
dissociative  ionization,  and  ionization  (cf.  Chapter  13;  now  13A)  of 
molecules,  as  well  as  absorption  of  light-producing  electronic  and 
vibrational  excitation.  These  types  of  interactions  are  represented, 
respectively,  by  Reactions  (20-1)  through  (20-5): 


©2  +  hv  -»  O  +  O*  (20-1) 
©2  +  hv  -*  0+  +  e  +  ©*  (20-2) 

N2  +  hv  -*  nJ  (X.A.B)  +  e  (20-3) 
©(3p)  +  hw  -♦  0(3s)  (20-4) 
N©  +  hw  -»  NO*.  (20-5) 


*  Throughout  this  chapter,  electronically  or  vibrationally  excited 
species  are  indicated  by  the  asterisk(*)  or  the  double-cross  (t), 
respectively,  whenever  the  state  is  not  otherwise  specifically 
identified.  The  absence  of  any  symbolism  accompanying  the  chemical 
formula  for  a  species  implies  the  ground  state  (electronic,  vibra¬ 
tional.  or  both). 
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20.2.2  Charged  Particle  Impact 

A  group  o£  reactions  analogous  respectively  to  Reactions  (20-1) 
through  (20-5),  but  initiated  by  energetic  collisions  with  charged 
particles  (e.g..  electrons)  rather  than  photons,  is  set  forth  here 
as  Reactions  (20-6)  through  (20-10).  Although  the  colliding  species 
indicated  in  these  reactions  is  the  electron,  any  other  charged  par¬ 
ticles  (e.g.,  protons)  may  have  the  same  effects.* 


02  +  e-+o  +  o*  +  e 

(20-6) 

©2  +  e  -»  0+  +  2e  +  0* 

(20-7) 

N2  +  e  -»  N2(.'I.A.B)  +  2e 

(20-8) 

N(4s)  +  e  -»  N(4p)  +  e 

(20-9) 

N2  +  e  -♦  N^  +  e 

(20-10) 

20.2.3  Charge-Exchange  and  lon-Holecule  Rearrangement 

The  exothermicity  of  certain  charge-exchange  reactions  may  be 
manifest  as  Kinetic  energy,  or  as  internal  degrees  of  freedom  (e.g., 
vibrational,  electronic  modes)  of  the  product  species.  In  the  latter 
types  of  energy  redistribution,  the  reaction  products  ate  in  appro¬ 
priately  excited  states,  as  in  the  following  examples  of  resonant 
and  nonresonant  (respectively),  asymmetric  interactions: 

0'*'(^D)  +  -»  N2(A)*  +  O  (20-11) 


+  N  -►  N'*'  + 


(20-12) 


LiKewise,  the  excess  energy  of  exothermic  ion-molecule  rearrange¬ 
ments,  e.g.  : 

0+  +  N2  -»  NO+  ^  N  +  1.1  eV  (20-13) 

may  be  partitioned  into  internal  degrees  of  freedom  of  the  reaction 
products,  such  as  to  yield  appropriately  excited  species. 

20.2.4  Neutral  Species  Interactions 

Endothermic  collisions  among  neutral  species  may  result  in  excita¬ 
tion  owing  to  the  conversion  of  translational  energy  into  vibrational 
or  electronic  modes  of  the  collision  products,  e.g.: 


*  In  addition,  particularized  aspects  of  the  atmospheric  effects  of 
proton  precipitation  are  described  separately  in  subsection  20.4.8. 
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O  +  N2  +  0.289V  ev  -»  N*  +  O  (20-14) 

where  v  =  the  vibrational  level  of  the  product  n|. 

Similarly,  exothermic  collisone  involving  excited  neutral  reac¬ 
tants  may  yield  excited  products  through  transfer  of  internal  energy 
modes  among  the  species  upon  collision,  e.g.: 

0{^D)  +  -»  n|  +  0{^P)  (20-15) 

0(^D)  +  O2  (20-16) 

Such  interactions  may  also  be  characterized  by  atom  rearrangements 
as  well  as  excitation  of  the  products,  e.g.: 

N(^D)  +02-*  NO*  +  0  .  (20-17) 

20.2.5  Dissociative  Recombination 

In  addition  to  their  direct  excitation  effects  upon  impact  with 
neutrals  (discussed  in  subsection  20.2.2),  energetic  electrons  (and 
thermal)  colliding  with  common  atmospheric  molecular  ions  may  produce 
atomic  species  in  both  electronically  excited  and  ground  states  by 
dissociative  recombination,  e.g.: 

O2  +  e  0(^P)  +  0.9  0(^D)  +  0.1  0(^S)  (20-18) 

N2  +  e  -»  0.92  N(^S)  +  1.08  N(^D)  (20-19) 

NO+  +  e  -»  N(2d)  +  0(3p)  .  (20-20) 

20.3  GENERAL  CHARACTERISTICS  OF  EXCITED  STATES 
AND  THEIR  ROLE  IN  THE  DISTURBED  ATMOSPHERE 

The  dominant  neutral  species  In  the  quiescent  atmosphere  are  N^. 
O2.  and  O.  The  more  important  minor  species  include  CO2,  O3.  H2O. 

OH.  NO.  and  NO2 .  Ionized  species  are  present  as  well,  and  their 
densities  are  enhanced  under  disturbed  conditions,  depending  on 
altitude,  energy  deposition,  and  strength  of  the  initiating  distur¬ 
bance.  In  addition,  large  numbers  of  exrited-state  species  present 
under  both  disturbed  and  quiescent  conditions  (but  especially  the 
former)  act  as  a  temporary  repository  of  at  least  part  of  the  energy 
introduced  into  the  atmosphere  by  the  disturbing  phenomenon.  This 
energy  is  ultimately  either  radiated  in  whatever  wavelength  regions 
happen  to  be  characteristic  of  the  species,  or  coliisionally  trans¬ 
ferred  into  alternative  degrees  of  freedom  as  the  disturbed  atmos¬ 
phere  "cools",  or  "relaxes." 
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To  more  fully  understand  and  deal  with  this  role  of  excited 
states  as  a  medium  of  energy  storage  in  the  atmosphere,  it  is  first 
necessary  to  distinguish  between  the  effective  lifetime  Tg,  which 
allows  for  collisional  deexcitation,  and  the  collision-free  radia¬ 
tive  lifetime  Tq*  reciprocals  of  these  two  lifetimes,  i.e.,  the 

corresponding  frequencies,  are  related  through  the  reactive  collision 
frequencies  for  all  the  excited  species  involved.  The  latter  term 
is  simply  the  product,  summed  over  all  excited  species,  of  the  indi¬ 
vidual  rate  constants  (cm^sec"!)  for  inelastic  scattering  with 
other  species,  and  the  number  density  ni  (cm-3): 

1/Tg  *  1/T^  +  .  (20-21) 

i 

Much  of  what  is  known  about  the  excitation  energies,  principal 
transitions,  and  radiative  lifetimes  of  the  longer-lived  electroni¬ 
cally  excited  states  of  most  of  the  important  atmospheric  species  is 
summarized  in  Table  20-1.  Table  20-2  presents  similar  data  pertain¬ 
ing  to  relevant  vibrational  modes  associated  with  important  atmos¬ 
pheric  species.  In  addition.  Grotrian  energy-level  diagrams  of  some 
atmospheric  species  of  interest  are  shown  in  Figures  20-1  and  20-2, 
and  Chapter  10  contains  yet  more  energy-related  information. 

Finally,  in  considering  energy-transfer  phenomena,  resonance  or 
near-resonance  reactions  may  play  significant  roles,  depending  upoh 
the  details  of  the  potential-energy  surfaces  associated  with  specific 
interactions  being  examined  in  this  context  (References  20-13.  20-21 
through  20-24) . 


20.4  THE  EXCITATION  AND  DEEXCITATION  OP  SPECIFIC  STATES 

This  section  presents  detailed  data  from  relevant  literature  per¬ 
taining  to  the  dynamics  of  specific  excited  atoms,  ions,  and  mole¬ 
cules  in  quiescent  and  disturbed  atmospheres  and  in  the  laboratory. 
References  20-1  through  20-5,  20-9  through  20-13,  and  20-15  through 
20-17  have  more  general  coverage  of  this  subject  area. 


20.4.1  Neutral  Molecular  Nitrogen.  N2 

20.4.1.1  Vibrational  Excitation-Deexcitation  of  the 
Ground  Electronic  State.  N2(X)  Z  N2(X)^ 


An  appreciable  portion  of  the  energy  deposited  in  the  atmosphere 
is  stored  as  vibrational  excitation  of  ground-state  nitrogen.  This 
result  may  arise  through  any  one  of  several  physical  and  chemical 
processes,  as  follows: 


(a)  Radiative  transitions  from  high-lying  excited  states 
(Reference  20-62); 

N2(A^Ey.V-')  -*  N2(X^Eg,V')  +  hw:  (20-22) 
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The  nuch  shorter  lifetime  reported  in  Reference  20-70  has  been  disceqarded  since  It  would  yield 
unreasonably  large  transition  moment  (Reference  20-39). 
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Table  20-2.  Ground  electronic  state  vibrational  data  for  molecules 
(sources:  Chapters  10  and  11  of  this  Handbook). 


Molecule  and 
Vibrational 
Spacing 

Approximate 
Energy  of 
Vibrational 
Interval 
(eV) 

Transition 
to  Ground 
state 
1»(um) 

Lifetime 

(sec) 

>*2 

V=1 

0.29 

Long 

^2 

V-1 

0.19 

Long 

MO 

v»i 

0.23 

5.3 

8.3  X  10“^ 

V-2 

0.46 

2.68 

1.3 

CO 

V«1 

0.26 

4.6 

2.9  X  10"^ 

v-2 

0.52 

2.35 

1.0 

OH 

v-i 

0.44 

2.8 

8.2  X  10"^ 

v-2 

0.88 

1.4 

1.8  X  10“^ 

^3 

V-1 

0.14 

9.6 

9.2  X  10"^ 

v»2 

0.09 

14.0 

3.7 

V-3 

0-13 

9.0 

8.0 

“2 

V-1 

0.17 

v-2 

0.08 

15.0 

3.6 

v-3 

0.29 

4.26 

2.5  X  10-3 
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Figure  20-1.  Energy  levels  of  pertinent  atoms, 
molecules,  and  ions. 
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Fiqure  20-2.  Energy  levels  of  pertinent  Ions  above 

those  of  the  corresponding  ground-state 
neutral  species. 
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(b)  Cheaical  reaction  (Refetencee  20-6  through  20-8): 

NO(X^n)  +  N(*S°)  -►  N2{X^EJ.v>0)  ♦  0{^P);  (20-23) 

(c)  Energy  transfer  (References  20-11.  20-81  through  20-86): 

0(^D)  +  N,(X^E*,V.0)  0(^P)  +  M,(X^E^.V>0);  '20-24) 

(d)  Resonance  excitation  under  electron  impact  (References 

20-87  through  20-90) : 

N2(X^*^J*V»0)  +  e  -»  N~(^n,V)  -♦  N2{X^EJ.V>0)  .  e  .  (20-25) 

Equation  (20-25)  represents  a  very  efficient  process,  having  a 
cross-section  that  approaches  6  x  10~^^  cm^  at  its  maximum  (Reference 
20-91).  This  reaction  has  been  the  subject  of  considerable  experi¬ 
mental  (References  20-87  through  20-90)  and  theoretical  (References 
20-92  through  20-95)  attention,  with  satisfactory  reproduction  of 
the  experimental  results  (Reference  20-96)  in  at  least  one  of  the 
calculations  (Reference  20-95).  The  ground-state  vibrational  exci¬ 
tation  arises  through  the  intermediate  ion  (References  20-87  thro'jgh 
20-94).  N2(^n}.  which  in  turn  decays,  primarily  into  eight  individual 
vibrational  states  (v>l-*8)  of  the  product.  The  corresponding  indi¬ 
vidual  cross-sections,  excited  by  electron  impacts,  have  been  re¬ 
solved  experimentally  (References  20-87  through  20-89).  as  functions 
of  the  energies  of  the  incident  electrons.  Oeexcitation  of  the  vi¬ 
brational  levels  by  electrons,  i.e..  the  reverse  of  Equation  (20-25). 
has  also  been  observed  (Reference  20-97).  Excitation  rate  coeffi¬ 
cients  have  been  obtained  by  integrating  the  electron  impact  cross- 
sections  with  the  electron  velocity  over  an  electron  Maxwellian 
velocity  distribution  (References  20-98.  20-99).  The  results  are 
shown  in  Figure  20-3  and  in  Table  20-3.  Similar  values  of  the  coef¬ 
ficients  have  been  obtained  by  other  workers  (Reference  20-100).  It 
ensues  that  greater  accuracy  is  achieved  in  calculating  the  energy 
deposited  by  colliding  electrons  into  the  vibrational  modes  of  N2(X) 
by  considering  the  threshold  energies  for  each  individual  level,  than 
by  basing  the  determination  on  the  threshold  energy  for  the  inter¬ 
mediate  negative  ion,  as  suggested  elsewhere  (References  20-101, 
20-102) . 

Of  the  numerous  chemical  reactions  reported  in  which  vibrationally 
excited  products  have  been  identified  (References  20-14.  20-103 
through  20-105).  Reaction  (20-23)  is  the  only  one  thus  far  examined 
in  detail  (References  20-6  through  20-8.  20-85)  for  which  is  a 
product.  It  has  been  determined,  moreover,  that  25%  of  the^exo- 
thermicity  of  Reaction  (20-23)  is  converted  into  vibrational  energy 
(Reference  20-85). 

Regarding  Reaction  (20-24),  it  had  been  inferred  (Reference  20-11} 
from  the  near  coincidence  of  the  electronic  excitation  energy  of 
0(^0)  and  the  vibrational  excitation  energy  of  N2(X,  v=7)  that  a 
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ELECTRON  TEMPERATURE  (»V) 


Figure  20-3 


Electron-iBipact  excitation  rate  coefficients  of  eight 
n2(X)  vibrational  levels  as  functions  of  the  electron 
temnerature  (References  20-98,  20-99). 
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Table  20-3.  Electron-impact  excitation  rate  coefficients  (cro^sec'^)  for  eight 
vibrational  levels  of  N2CX)  a  function  of  electron  temperature 
Te(eV)  (References  20-98.  20-99). 
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oigniticant  amouat  of  energy  transfer  from  the  one  to  the  other  may 
occur.  Following  the  utilization  of  this  near-resonance  concept  in 
calculating  the  vibrational  temperature  of  the  ambient  atmosphere 
(Reference  20-84),  and  in  recognition  of  its  possible  significance 
in  this  context.  Reaction  (20-24)  has  been  increasingly  investigated 
(References  20-81.  20-82.  20-85.  20-86).  the  most  recent  such  exper¬ 
imental  effort  (Reference  20-86)  indicating  that  30%  of  the  internal i* 
energy  of  0(^0)  is  transferred  by  this  process  to  N2  as  vibrational 
energy. 

The  formation  of  vibrationally  excited  N2(X)  via  radiative  cas¬ 
cade  as  in  Reaction  (20-22)  clearly  depends  on  the  prior  excitation 
of  the  N2(A^E)  state  and  on  the  population  densities  of  its  vibra¬ 
tional  levels,  transitions  from  which  to  ground-state  vibrational 
levels  comprise  a  further  factor  in  determining  the  vibrational 
energy  of  N2 (X) • 

In  principle,  vibrational  deexcitation  processes  might  be  expected 
to  follow  the  reverse  paths  of  the  corresponding  excitations.  Thus, 
the  rate  coefficients  of  electron-impact  deexcitations  via  super¬ 
elastic  collisions  should  be  calculable  from  the  respective  excita¬ 
tion  rate  coefficients  (Table  20-3)  by  applying  the  principle  of 
detailed  balance.  However,  vibrationally  excited  molecules  may  also 
transfer  their  energies  either  directly  to  the  vibrational  modes 
(vibration-vibration,  or  W)  or  to  kinetic  energy  (vibration- 
translation,  or  VT)  of  other  species. 

These  (W  and  VT)  quenching  processes  are  believed  to  be  well 
understood  (References  20-105  through  20-109).  A  typical  VT  transi¬ 
tion  at  room  temperature  without  chemical  change,  e.g.,  N2(v=l-»0), 
requites  10^0  collisions  (Reference  20-108),  but  this  number  is 
considerably  reduced  when  the  VT  relaxation  is  achieved  with  atom 
exchange  (References  20-110  through  20-113).  Furthermore,  the  prob¬ 
ability  of  vibrational  energy  transfer  increases  with  increasing 
temperature  and  decreasing  vibrational  spacings.  Usually  the  de¬ 
excitation  of  higher  vibrational  levels  is  a  stepwise  process. 

Thus,  for  most  conditions  Av=±l,  but  for  higher  vibrational  levels 
and/or  high  kinetic  temperatures  transitions  can  also  occur  for  which 
Av  >  1  (References  20-114,  20-115). 

A  summary  of  VT  data  for  many  molecules  is  available  (Reference 
20-116).  Such  data  ate  ordinarily  presented  as  a  relaxation  time- 
pressure  product  px.  where  t  is  the  e-folding  time  of  the  vibra¬ 
tional  energy  c,  according  to: 

dc/dt  =  ^equil- ^ )  (20-26) 

at  constant  translational  temperature  and  in  the  absence  of  sources. 
The  rate  constant  can  be  readily  obtained  from  the  pr  product,  i.e., 

K  =  (pxM)-^.  (20-27) 
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where  N  is  the  density  of  the  deactivating  agent  at  pressure  p. 
Furthermore,  the  rate  constant  for  the  deexcitation  of  the  first 
vibrational  level  k^o  is: 


(20-28) 


where  hv  is  the  vibrational  energy  spacing  and  k  in  the  exponential 
term  is  the  Boltzmann  constant.  For  higher  vibrational  level  deexci¬ 
tations,  on  the  other  hand,  the  following  relation  may  be  utilized: 


k(v=n)  -  nkio  .  (20-29) 

Measurement  of  the  quenching  of  vibrationally  excited  ^2  by 
atomic  oxygen  over  a  vide  range  of  kinetic  temperatures  (References 
20-117  through  20-119)  has  indicated  that  O  is  an  effective  quencher. 
Even  at  low  kinetic  temperatures,  the  measured  deexcitation  rate 
consirderably  exceeds  the  calculated  rate  (Reference  20-120).  Simi¬ 
larly,  high  energy  transfer  rates  have  also  been  indicated  as  & 
result  of  recent  VT  measurements  in  N2  (Reference  20-121). 

The  W  energy  transfer  processes  to  other  atmospheric  molecules 
are  either  nonresonant  or  near-resonant.  While  acting  as  a  deexci¬ 
tation  mechansism  for  the  vibrational  energy  of  N2t  the  process 
excites  vibrational  modes  of  other  molecules.  This  transferred 
energy  reappears  as  infrared  radiation  whenever  the  energy-acquiring 
molecule  has  a  permanent  dipole  moment.  The  N2  vibrational  energy 
transfer  to  CO2.  for  example,  is  well  known  from  its  application  to 
the  CO2  laser  (Reference  20-122).  Both  VT  and  W  energy  transfer 
rate  data  pertaining  to  deexcitation  are  presented  in  Table  20-4. 

vibrational  deexcitation  through  energy  transfer  into  electronic 
excitation  of  atoms  is  another  possibility.  It  has  been  argued  (Ref¬ 
erence  20-126)  that  the  excitation  of  the  sodium  D-line  in  auroras 
below  100  km  altitude  is  a  likely  result  of  energy  transfer  to  the 
sodium  from  vibrationally  excited  nitrogen.  This  reaction  has  been 
observed  in  the  laboratory  (Reference  20-127),  and  its  cross-section 
has  been  measured  as  lO"!^  cm^  (Reference  20-120).  It  is  doubtful, 
however,  that  vibrationally  excited  nitrogen  exists  below  the  turbo¬ 
pause  (References  20-82,  20-129  through  20-131),  as  would  have  to  be 
the  case  for  this  postulate  to  be  correct. 


The  emphasis  placed  on  N2  vibrational  temperature  stems  from  the 
fact  that  the  degree  of  N2  vibrational  excitation  significantly  af¬ 
fects  certain  reactions,  the  most  important  of  which  is: 


n|  +  0+(4s)  ->  N0+  +  N(4s)  .  (20-30) 

This  reaction  depends  upon  both  the  N2  vibrational  temperature 
(References  20-132,  20-133)  and  the  ion  kinetic  temperature  (Refer¬ 
ence  20-134).  It  plays  an  Important  role  in  the  deionization  pro¬ 
cesses  of  the  quiescent  and  the  dicturbed  ionosphere.  It  has  been 
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suggested  (Reference  20-132)  that  Reaction  (20-30)  would  contribute 
to  the  loss  of  elections  in  the  ionosphere,  owing  to  enhanced  NO'*' 
formation.  Several  workers  have  shown  that  this  is  the  case  in  the 
quiescent  ionosphere  auroral  arcs  (e.g..  References  20-83.  20-84. 
20-129.  20-130.  20-135.  and  20-136)  and  atmospheres  disturbed  by 
nuclear  bursts  (Reference  20-137). 

The  n|  loss  processes  discussed  above,  and  also  the  diffusional 
loss,  are  illustrated  as  functions  of  altitude  in  Figure  20-4.  The 
rates  shown  there  were  obtained  (References  20-129.  20-130)  using 
COSPAR  atmospheric  densities  (Reference  20-138). 


20.4.1.2  Electronic  Excitation-Deexcitation:  N2(X^E*)  ^  N2(A^E*) 

Triplet-state  nitrogen  (e.g..  B^Ilg.  €^11^.  E^cX)  may  be 

formed  by  electron-impact  excitation  from  the  ground  state  (Refer¬ 
ences  20-139  through  20-148).  The  (A)  state  at  6.17  eV  is  the  lowest 
of  these,  and  is  metastable  with  two  distinct  substate  lifetimes  (a 
consequence  of  asymmetric  transitions)  of  1.27  and  2.5  sec  (±  about 
20%).  respectively  (Reference  20-32).  It  emits  in  the  well-known 
Vegard-Kaplan  band  system.  In  addition  to  electron  impact  from 
ground-state  nitrogen,  cascade  from  higher-lying  triplet  states, 
especially  the  (B)  and  (C)  states,  are  alternative  means  for  popu¬ 
lating  the  (A)  state. 

Electron-impact  excitation  cross-sections  of  the  triplet  states 
have  been  calculated  (References  20-149  through  20-151),  and  measured 
cross-sections  exist  for  the  (A)  (References  20-143,  20-144),  (B) 
(References  20-143  through  20-146),  and  (C)  (References  20-143. 

20-146  through  20-148)  states.  However,  poor  agreement  exists  among 
the  reported  shapes  and  peak  values  of  these  cross-sections,  whether 
experimental  or  theorectical  (Reference  20-152).  A  case  in  point  is 
the  peak  cross-section  of  the  (A)  state,  for  which  values  have  been 
published  (in  units  of  lO-^*^  cra2)  of  5.25  (Reference  20-144).  3.00 
(Reference  20-143),  12.00  (Reference  20-151).  and  15  (References 
20-149,  20-150).  A  more  recent  calculation  (Reference  20-153)  pro¬ 
vides  a  peak  at  2  x  IC^*^  cm^,  which  is  shifted  toward  higher  ener¬ 
gies.  Figure  20-5  presents  the  rate  coefficient  for  electron- impact 
excitation  of  ground-state  N2  to  the  (A)  state,  using  an  average  of 
the  experimental  cross-sections  as  a  limit.  This  rate  was  obtained 
(Reference  20-154)  using  the  earlier  calculated  cross-section  of 
References  20-149  and  20-150,  averaged  with  the  electron  velocity 
over  a  Maxwellian  electron  velocity  distribution. 

Vibrational  excitation  of  the  N2(A)  state  is  important  in 
auroral  emissions,  and  has  been  suitably  calculated  for  auroral 
conditions  (Reference  20-155). 

The  significance  of  N2(A}  becomes  apparent  in  highly  disturbed 
atmospheres  and  in  auroral  displays.  Apart  from  the  electron-impact 
excitation  and  cascade  from  higher  N2  triplet  states,  the  following 
near-resonant  charge-exchange  reaction  should  also  be  considered  as 
a  mechanism  for  excitation  of  the  (A)  state: 

20-20 
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Figure  20-4.  Loss  rates  for  Ng  vibrational  energy  as  functions 
of  altitude  (D/rS  >  diffusion  coefficient  divided 
by  square  of  the  scale  height;  cases  II  and  III  for 
VT(0)  are  described  in  the  indicated  references) 
(References  20-129,  20-130). 
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N2(X)  +  no  -*  NjCA)  +  NO"^  .  (20-31) 

This  reaction  has  a  aeasured  rate  coefficient  of  3.3  x  10'^^  cn^sec'^ 
(References  20-156  through  20-158). 

Deexcitation  of  the  (A)  state  proceeds  through  superelastic  colli¬ 
sions  with  electrons,  and  via  quenching  collisions  with  atmospheric 
species.  Quenching  by  ground-state  nitrogen  is  only  slightly  effec¬ 
tive  (References  20-159.  20-160).  but  atomic  nitrogen  has  been 
observed  to  be  a  relatively  efficient  quencher,  by  means  of  atom 
interchange  (Reference  20-161): 

N  +  N2(A)  -*  N2(X)  +  N  .  (20-32) 

Under  atmospheric  conditions,  following  an  earlier  report  (Reference 
20-11)  of  quenching  by  atomic  oxygen,  an  overall  rate  coefficient 
for  N2(A)  in  the  (v-0)  level  has  been  obtained  in  the  aurora  (Refer¬ 
ence  20-162).  as  7.5  X  10-H  cm^sec-l.  a  portion  of  which  (3  x  10-12 
em^sec-l)  is  due  to  formation  of  0(l8)  among  the  products  (Reference 
20-163). 

Ifetel4rie  species*-  e.g. .  Na«  Fe»  Hg..  Ba.  are  also  effective 
quenchers  of  N2(A)  via  Penning  ionization  (References  20-12* 

20-164.  20-165).  Table  20-5  summarizes  the  available  quenching 
data  for  N2(A)  by  several  atmospheric  species. 

20.4.1.3  The  (a^n^)  State  of  Nitrogen 

Of  the  many  metastable  states  of  nitrogen,  only  one  other  is 
treated  here.  The  (aillg)  state*  with  a  lifetime  of  0.1  msec,  has 
attracted  some  theoretical  (Reference  20-151)  and  considerable  ex¬ 
perimental  (References  10-143.  20-144.  20-170  through  20-173)  atten¬ 
tion  concerning  its  excitation  cross-section  by  electron  impact.  The 
most  recent  value  (Reference  20-173)  is  in  very  good  agreement  with 
earlier  findings  (Reference  20-144)  from  threshold  up  to  40  eV  inci¬ 
dent  electron  energy.  The  excitation  threshold  for  the  state  is  8.5 
eV.  coincident  with  a  metastable  state  that  has  been  observed  else¬ 
where  (Reference  20-174)  to  lead  to  associative  ionization  of  the 
type: 


N*  +  NO  -»  NgNO"^  +  e  .  (20-33) 

However,  the  product  N^NO'*'  has  not  as  yet  been  identified  in  D-region 
mass-spectral  observations. 


20.4.2  Ionized  Molecular  Nitrogen.  N^ 

20.4.2.1  Electronic  Excitation-Deexcitation:  N2(B^C^) 

One  of  the  strongest  emissions  in  the  aurora,  twilight  glow, 
dayglow,  and  highly  disturbed  atmospheres  is  the  391.4-nm  band. 
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Table  20-5.  Queachlng  data  for  N^CA^E^). 


Quenchant 

Rate 

(cm3 

Constant 

'  8ec~3) 

References 

**2 

<3 

X 

10-“ 

20-159 

A 

“10“^® 

20-15 

O2 

2.5 

X 

10 

20-163,  20-166 

0 

<3 

X 

10“^^ 

20-11 

5 

X 

10-“ 

20-15 

7.5 

X 

xo-“ 

20-162 

N 

5 

X 

10-“ 

20-167 

5 

X 

10-“ 

20-168 

5 

X 

10-“ 

20-169 

NO 

7 

X 

10-11 

20-167 

corresponding  to  the  (0.0)  transition  of  the  first-negative  band 
systen  (B^Ey  -»  $^Eg)  of  The  principal  ionospheric  formation 

processes  for  in  the  (B)  state  include  solar  photoionization  of 
N2  (Reference  20-175): 

Nj  +  hw(>18,7  eV)  -►  N2(B^E*)  +  e  ,  (20-34) 

energetic  electron- impact  ionization  of  N2: 

+  e  N2(B^E^)  +  2e  ,  (20-35) 

and  photoexcitation  by  resonance  scattering  of  solar  radiation  (Ref¬ 
erence  20-176)  at  391.4  am  off  ambient  N^: 

N2(X^EJ)  +  hw  -»  N2(B^EJ)  .  (20-36) 

An  additional  mechanism  that  must  be  considered  is  electron-impact 
excitation  from  the  ground  state  of  the  ion.  especially  by  low-energy 
electrons  (Reference  20-177): 

N2(X^2j)  +  e  N2(B^E*)  +  e  .  (20-37) 

Only  Reaction  (20-35)  is  likely  to  be  important  in  auroras. 

Indeed,  the  efficiency  of  converting  incident  electron  energy  into 
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the  (0.0)  tcansitlon  in  air  via  Reaction  (20-35)  is  constant  and  has 
a  value  of  about  5.2  x  lO'-^  (Raference  20-178).  independent  of  the 
electron  energy  above  100  eV.  This  process  plays  an  important  role 
in  determining  the  auroral  strength.  In  highly  disturbed  atmo¬ 
spheres.  on  the  other  hand.  Reactions  (20-34)  and  (20-37)  represent 
important  excitation  mechanisms  in  addition  to  Reaction  (20-35). 

The  electron- impact  ionization  cross-section  leading  to  the  formation 
of  N2(B.  v»0)  as  one  of  the  few  ionization  continua  of  N2  via  Reac¬ 
tion  (20-35)  has  been  measured  extensively  (References  20-179  through 
20-182)  and  is  well  established.  Using  the  measured  cross-section 
(Reference  20-180).  averaged  with  the  electron  velocity  over  a  Max¬ 
wellian  electron  velocity  distribution,  the  electron- impact  excita¬ 
tion  rate  coefficient  for  the  (0.0)  band  has  been  obtained  (Reference 
20-154) . 

The  excitation  cross-section  for  the  (0.0)  band  emission  from  the 
ground  state  of  the  ion,  i.e..  Reaction  (20-37),  has  also  been  mea¬ 
sured  (References  20-177.  20-183.  20-184)  and  important  disagreements 
have  been  found  among  the  various  determinations.  For  example,  the 
peaX  cross-sections  reported  in  References  20-177  and  20-183  are. 
respectively,  44  and  22  times  as  large  as  that  obtained  in  Reference 
20-184.  However,  a  direct  measurement  of  the  rate  coefficient  for 
this  reaction  (Reference  20-185)  indicates  that  the  earlier  cross- 
section  determination  of  Reference  20-177  may  have  been  too  large  by 
a  factor  of  40.  which  would  suggest  that  the  smaller  value  obtained 
in  Reference  20-184  might  be  the  most  reliable. 

Rate  coefficients  for  both  Reactions  (20-35)  and  (20-37)  are 
compared  in  Figure  20-6.  where  the  data  for  the  latter  reaction 
(electron-impact  excitation)  have  been  obtained  from  the  deexci¬ 
tation  rates  of  Reference  20-184. 

An  important  deexcitation  mechanism  for  ^2vB.  v^O)  is  collisional 
quenching  by  N2.  the  cross-section  for  which~har>  been  measured  (Ref¬ 
erences  20-182.  20-186.  20-187).  The  corresponding  rate  coefficient 
for  thermal  temperatures  is  about  4.4  x  10“^0  cm^sec-i.  In  a  highly 
ionized  medium,  however,  superelastic  collisions  of  N2(B)  with  elec¬ 
trons  provides  an  additional  deexcitation  path.  Comparison  of  the 
relative  importance  of  the  preceding  reactions  on  the  391.4-nm  emis¬ 
sion  in  the  quiescent  ionosphere  has  shown  (Reference  20-188)  that 
at  altitudes  above  100-150  Xm.  resonance  scattering  is  the  major 
source  of  391.4-nm  radiation.  At  higher  densities,  however,  reso¬ 
nance  charge-exchange  reactions  may  be  significant,  e.g.: 

+  ©^(X^E")  -»  N2(X^Eg)  +  O^Cb^E")  .  (20-38) 

Reactions  of  this  type  would  produce  additional  02(b-»a)  first - 
negative  band  emission  and  02(a4ny]  metastable  ions.  Because  of  the 
near-resonant  nature  of  the  reaction,  it  may  proceed  at  a  faster 
rate  than  the  charge-exchange  with  N2  in  the  ground  state  as  one  of 
the  reactants.  A  relatively  recent  examination  of  the  twilight  air- 
glow  from  rocket  measurements  has  led  to  the  conclusion  that  90%  of 
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Figure  20-6 


Rate  coefficients  as  functions  of  electron  tenperature 
for  Reactions  (20-35)  rN2  +  e  -*  N2(B.v>-0)  +  2e)  and 
(20-37)  (N2(X)  +  e  -*  N2(B,v«0)  +  e)  are  indicated  as 
curves  A  and  B  respectively:  the  dashed  part  of 
curve  B  is  obtained  from  Reference  20-185,  adjusted 
to  the  results  of  Reference  20-184. 
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tbe  391.4-iui  eBission  Is  Oue  to  solar  photon  scattering  off  N2(X)« 
vhlle  solar  pbotolonlsation  leading  to  tbe  (B)  state  produces  less 
than  10%  of  the  enlssion  (Eefecence  20-189). 


20.4.2.2  Electronic  Bxcitation-Deexcitation:  M^CA^Q^} 

The  formation  of  N2(A2nu}.  which  emits  in  the  well-known  Melnel 
{A-»x)  band  system  in  the  aurora  and  in  the  ambient  and  disturbed 
ionosphere,  proceeds  through  mechanisms  analogous  to  those  that  pro¬ 
duce  N2(B).  i.e..  Reactions  (20-34)  through  (20-37).  However,  an 
additional  source  has  been  suggested,  which  proceeds  via  the  near¬ 
resonant  charge-exchange  (Reference  20-190} : 

0‘*^(^D)  +  Nj  -»  N2(A^II^,V=1)  +  0(^P).  (20-39) 

It  has  been  observed  (Reference  20-191)  that  the  (1.0)  and  (1.2) 
bands  of  the  Melnel  system  often  exhibit  anomalously  high  Intensities 
in  the  aurora,  which  may  be  attributable  to  the  preferential  excita¬ 
tion  of  the  first  vibrational  level  according  to  Reaction  (20-39). 
This  is_  on,#_of  .  the,  important  proceases  ^r  to  deionizatitm  In 

that  it  exchanges  an  atomic  ion  for  a  mbiecular  one.  which  is  then 
subject  to  dissociative  recombination,  a  much  faster  process  than 
the  radiative  recombination  of  atomic  ions.  The  cross-section  for 
Reaction  (20-39)  had  been  measured  (Reference  20-192)  for  ion  veloc¬ 
ities  of  about  10^  cm-sec^'i  and  found  to  be  quite  large,  correspond¬ 
ing  to  a  reaction  rate  coefficient  of  approximately  10~*  cm^sec'i. 

A  more  recent  rate  measurement  (Reference  zo-193)  at  thermal  tempera¬ 
ture  gave  a  value  of  k  *  6  x  10~^^  cm^sec~^.  in  reasonable  agreement 
with  the  earlier  finding. 

Observations  of  normal  auroras  indicate  that  the  Meinel  band  sys¬ 
tem  is  one  of  the  strongest  emissions  (References  20-194.  20-195). 
which  has  also  been  detected  in  dayglow  (Reference  20-196).  The 
cross-section  for  the  electron- impact  ionization  reaction  analogous 
to  Reaction  (20-35),  but  having  N2(A)  as  its  product,  has  been  mea¬ 
sured  (Reference  20-197).  In  addition,  the  auroral  emission  of  the 
Meinel  band  system  relative  to  that  of  the  first-negative  band  sys¬ 
tem  has  been  calculated,  using  available  data  on  excitation  cross- 
sections,  transitions,  and  quenching  rates  (Reference  20-198). 
Comparison  of  the  results  of  these  calculations  with  measured  data 
exhibits  reasonable  agreement. 

The  electron- impact  excitation  of  the  Meinel  bands  from  the  ground 
state  of  the  ion,  i.e..  the  reaction  analogous  to  Reaction  (20-37). 
has  not  been  measured.  This  process  becomes  important  in  the  highly 
disturbed  atmosphere  as  a  cooling  mechanism  for  electrons. 

Deexcitation  of  the  Meinel  band  system  should  proceed  through 
superelastic  collisons  with  low-energy  electrons,  and  via  quenching 
of  N2  and  02*  The  quenching  cates  of  N2(A)  vibrational  levels  by  N2 
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and  O2  Ikave  be«n  measuEed  (References  20-197.  20-199.  20-200).  but 
with  poor  agreenent  anong  the  various  results  obtained.  Average 
values  (Reference  20-198)  for  guenchino  of  the  (v-1)  level  by  N2 
and  O2  are  4.5  and  7.0  x  10~10  cn^sec-^.  respectively. 

The  charge- transfer  reaction: 

+  O2  **2  (20-40) 

nay  be  another  loss  Bechanisa  for  the  (A)  state  of  Nt.  since  the 
reaction  is  in  near-resonance. 

other  excited  states  of  N2  have  been  observed,  particularly 
and  aetastables.  These  states  have  been  found  (References  20-50. 
20-201)  to  forn  N3  through  the  reaction: 

N2(*E  or  ^A)  +  N2  -»  Nj  +  N  (20-41) 

Finally,  the  electron-lBpact  ionizations  of  both  N2  and  O2  to  the 
tespectiye  Bolecular  ions  in  their  ground  electEonic  states  fail  to 
populate  the  vibrational  levels  of  the  products  according  to  Franck- 
Condon  predictions.  Investigations  near  the  respective  ionization 
thresholds  (References  20-202.  20-203)  Indicate  that  vibrational 
excitation  is  induced  indirectly  via  autoionizing  states.  The  ia- 
poctance  of  autoionization  can  be  seen  in  the  case  of  N2(X).  where 
the  Franck-Condon  factors  for  transitions  from  N2(X.  v»0)  to  N2(X.v) 
decrease  by  nearly  an  order  of  aagnitude  for  each  successive  vibra¬ 
tional  level  of  the  ion  produced,  while  for  electrons  with  energies 
not  far  above  the  ionization  potential  it  has  been  denonstrated 
(Reference  20-204)  that  the  populations  of  the  vsO.l  levels  in  the 
product  are  nearly  equal. 

20.4.3  Neutral  Atonic  Nitrogen.  N 

The  nitrogen  atom  has  two  low-lying  metastable  states  of  inter¬ 
est.  N(2d)  and  N(2p).  for  which  several  fornation  mechanisns  exist. 
The  N(^D)  state,  which  is  the  upper  level  for  the  520-niB  dayglow,  is 
produced  by  the  dissociative  recombination  reactions: 

nJcX)  +  e  -»  N(^S)  +  N(^D)  (20-42) 

and 

NO'*^{X)  +  e  -*  N(^D)  +  O  .  (20-43) 

Earlier  calculations  (Reference  20-205)  of  the  branching  ratios  for 
these  reactions  have  shown  that  the  products  of  the  NO'*'  dissociative 
recombination,  i.e..  Reaction  (20-43).  are  about  100%  NC^D)  and  100% 
0(^P}.  A  more  recent  investigation.  ^Reference  20-206)  has  indicated, 
however,  that  the  actual  yield  of  N(^D)  is  about  76%,  the  balance 
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being  N(^S).  In  the  dissociative  reconbination.  i.e..  Reaction 
{20>-42).  the  yield  is  equal  parts  o£  N(2d}  and  N(^S)  (Reference 
20-207) . 

The  two  metastables.  NC^D.^P).  are  also  produced  by  electron  im¬ 
pact  froiu  the  ground  state  of  the  nitrogren  atom.  N{^S}: 

N{*S)  +  e  -♦  N(2d,2p)  +  e  .  (20-44) 

Among  the  calculated  cross-sections  for  these  excitations  (Refer¬ 
ences  20-208  through  20-212).  the  most  recent  (Reference  20-212)  is 
also  the  most  accurate  in  that  it  considers  such  relevant  factors  as 
target  polarization,  the  higher-lying  configurations,  and  so  forth, 
which  were  neglected  elsewhere.  Using  the  cross-sections  of 
Reference  20-212.  the  excitation  rate  coefficients  for  the  low-lying 
levels  of  the  nitrogen  atom  have  been  obtained  (Reference  20-213} 
for  a  Maxwellian  electron  velocity  distribution.  These  rate  coeffi¬ 
cients  are  presented  in  Figure  20-7  as  functions  of  the  electron 
temperature  and  are  listed  in  Table  20-6  with  the  corresponding 
deexcitation  rate  coefficients. 

Several  charge-exchange  and  ion-atom  interchange  reactions,  in 
ambient  and  highly  disturbed  ionospheres,  also  produce  N(2d)  and 
N(2p}.  Following  are  some  examples  taken  from  a  large  set  of  reac¬ 
tions  (Reference  20-214).  where  only  exothermic  processes  were  con¬ 
sidered  and  where  conservation  of  total  spin  was  observed; 


n^(x2e*) 

2  g 

+  0(^P)  NO‘*'(X^E*)  +  N(^D.^P) 

.(20-453) 

n;(x2e;) 

2  g 

+  0(^D)  NO‘^(X^E'^)  +  N(^D.^P) 

(20-45b) 

N'^(^P)  + 

0_(X^E  j  -»  0^(X^n  )  +  N(^D) 

2  g  2  g 

(20-46) 

N'^(^P)  + 

0(^D)  -►  N(^D)  +  O'^(^S) 

(20-47a) 

N*(^D)  + 

0{^P)  N(^D)  +  0*(^S)  . 

(20-47b) 

_ mination  (Reference  20-215)  of  Atmospheric  Explorer  data  showed 

Reaction  (20-45a)  to  be  the  principal  process  for  producing  N(2d)  in 
the  normal  ionosphere  and  the  atomic  reaction  product  to  be  100% 
N(2d).  The  electron-impact  dissociative  ionization  and  dissocia¬ 
tion  of  N2  also  produce  N(2d).  via  the  respective  reactions: 

N2  +  e  +  N(^D)  +  26  (20-48) 

and 
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Table  20-6.  Electron-impact  excitation  and  deexcitation 

rate  coefficients  for  the  low-lying  states  of 
the  nitrogen  atom  (Reference  20-213).^ 


Te(eV) 

4S 

-  2d 

-  2p 

2d  - 

,  2p 

0.1 

a.o 

(-20)*> 

2.6 

(-25) 

2.10 

(-14) 

6.3 

(-IO)C 

5.5 

(-10) 

5.7 

(-9) 

0.2 

1.54 

(-14) 

2.03 

(-17) 

1.16 

(-11) 

8.6 

(-10) 

7.5 

(-10) 

7.8 

(-9) 

0.3 

1.25 

(-12) 

1.11 

(-14) 

9.78 

(-11) 

1.35 

(-9) 

1.1 

(-9) 

8.9 

(-9) 

0.5 

4.2 

(-11) 

1.47 

(-12) 

6.0 

(-10) 

1.9 

(-9) 

1.2 

(-9) 

1.0 

(-8) 

0.7 

1.98 

(-10) 

1.63 

(-11) 

1.16 

(-9) 

2.34 

(-9) 

1.8 

(-9) 

1.0 

(-8) 

1.0 

6.38 

(-10) 

8.91 

(-11) 

2.05 

(-9) 

2.7 

(-9) 

2.1 

(-9) 

1.1 

(-8) 

1.2 

1.08 

(-9) 

1.73 

(-10) 

2.56 

(-9) 

3.1 

(-9) 

2.29 

(-9) 

1.16 

(-8) 

1.5 

1.52 

(-9) 

3.38 

(-10) 

3.24 

(-9) 

2.9 

(-9) 

2.4 

(-9) 

1.2 

(-8) 

2.0 

2.27 

(-9) 

6.54 

(-10) 

4.1 

(-9) 

2.9 

(-9) 

2.6 

(-9) 

1.2 

(-8) 

3.0 

3.31 

(-9) 

1.23 

(-9) 

5.18 

(-9) 

2.9 

(-9) 

2.7 

(-9) 

1.3 

(-8) 

5.0 

4.50 

(-9) 

1.99 

(-9) 

6.2 

(-9) 

2.90 

(-9) 

2.7 

(-9) 

1.3 

(-8) 

7.0 

5.26 

(-9) 

2.36 

(-9) 

6.5 

(- 

2.9 

(-9) 

2.6 

(-9) 

1.3 

(• 

10.0 

5.85 

'-9) 

2.4 

(-9) 

6.5 

} 

2.9 

(-9) 

2.3 

(-9) 

1.2 

15.0 

5.97 

(-9) 

2.49 

(-9) 

6.1 

(-';  j 

2.79 

(-9) 

2.1 

(-9) 

1.1 

(-8) 

20.0 

4.96 

(-?) 

2.28 

(-9) 

5.47 

(-9) 

2.2 

(-9) 

1.8 

(-9) 

9.7 

(-9) 

Notes : 

‘^Numbers  in  parentheses  indicate  the  power  of  10  by 
which  the  entries  are  to  be  multiplied. 

b  .  .  .  . 

Excitation  rate  coefficient. 

The  corresponding  deexcitation  rate  coefficient. 
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N2  +  e  -*  N  +  N(^D)  +  e  .  (20-49) 

Despite  numerous  novel  experimental  approaches  (References  20-216 
through  20-218),  exact  branching  ratios  characterizing  the  produc¬ 
tion  of  N(2d)  from  Reactions  (20-48)  and  (20-49)  are  not  yet 
available. 

Deexcitation  of  N(^D)  and  N(^P)  proceeds  by  superelastic  colli¬ 
sions  with  low-energy  electrons.  However,  a  major  loss  mechanism  for 
NC^D),  in  daytime,  aurora,  and  highly  disturbed  atmospheres,  is  via: 

N(2d)  +  O2  -►  no  +  0  .  (20-50) 

The  rate  coefficient  for  Reaction  (20-50)  has  been  determined  (Refer¬ 
ences  20-219.  20-220)  as:  k  ~  6  X  10“^2  cm^sec'^.  Another  sink  for 
N(2d)  is: 

N(2d)  +  N2O  -♦  N2  +  NO  .  (20-51) 

for  which  the  rate  coefficient  at  room  temperature  is:  k  -  1.6  x 
10-12  cm^sec"^  (References  20-219,  20-221). 

The  quenching  rate  coefficient  of  N(2d)  by  atomic  oxygen  has  been 
measured  (Reference  20-222)  as:  k  »  1.8  x  10~12  cm^sec-i,  which  is 
three  times  as  large  as  a  value  estimated  from  atmospheric  data 
(Reference  20-223).  Quenching  rate  coefficients  of  N(2d)  by  atmos¬ 
pheric  species  of  interest  are  summarized  in  T^ble  20-7. 

Table  20-7.  Quenching  of  N(2d). 


Quenching 

Species 

Rate 

(cm' 

Constant 

3  8ec“3.) 

Reference 

O2 

6 

X 

10-12 

20-219.  20-220 

N2 

1.6 

X 

io-i« 

20-219 

0 

1.8 

X 

10-^2 

-13 

20-221 

6 

X 

10 

-11 

20-222 

NO 

7.0 

X 

10 

20-219 

e 

See 

Table  20-6 

20-213 

20.4.4  Ionized  Atomic  Nitrogen. 

The  atomic  nitrogen  ion  has  two  low-lying  metastable  states, 

N'*^(1d)  and  N'''(^S),  which  are  important  in  highly  ionized  atmospheres. 
These  are  formed  from  the  neutral  metastables  N(2d)  and  N(2p)  by 
photoionization,  the  cross-sections  for  which  have  been  calculated 
(Reference  20-224), 


20-32 

Revision  No.  9.  June  1983 


CHAPTER  20 


The  same  metastable  ions.  N'''(1d.^8).  are  also  produced  by 
electron  impact  excitaton  of  the  ground  state  of  the  ion.  N^(^P). 
where  the  relevant  near-threshold  collision  strengths  have  also  been 
calcu'ated  (References  20-210.  20-225).  These  collison  strengths 
are  in  good  agreement  and  have  been  utilized  (Reference  20-213)  to 
obtain  the  corresponding  deexcitation  rate  coefficients  for  a  Max¬ 
wellian  electron  velocity  distribution,  as  listed  in  Table  20-8. 

The  corresponding  excitation  rate  coefficients  are  obtainable 
through  application  of  the  principle  of  detailed  balancing. 

Table  20-8.  Electron-impact  deexcitation  cate 
coefficients  for  the  low-lying 
metastable  states  of  N'*'  (Tg  in 
units  of  ev)  (Reference  20-213). 


Deexcitation  Rate 
Coefficients 
Transition  (cm^  sec-^) 


Id  - 

3p 

4.8 

X 

(0 

1 

0 

{Te)-l/2 

J-s  - 

3p 

3.2 

X 

10- ® 

(Te)-^/2 

Is  - 

Id 

3.3 

X 

CO 

1 

0 

(Tg)-l/2 

In  addition  to  the  above  processes.  N'''(^D)  and  N'^(^5)  are  gener¬ 
ated  in  the  electron-impact  dissociative  ionization  of  and  prob¬ 
ably  in  such  charge-exchange  processes  (Reference  20-214)  as: 

N^CX^Eg)  +  N(^D)  -»  N2(X~Eg)  +  N'^{S)  (20-52) 

and 

N*(X^E'!’)  +  N(^P)  -»  N  (X^E^)  +  N'^(^S)  .  (20-53) 

The  deexcitation  and  loss  processes  of  N'''(^D,^S)  include  super¬ 
elastic  collisons  with  electrons  and  such  charge-exchange  and  ion- 
atom  interchange  reactions,  in  addition  to  Reaction  (20-47b),  as: 

N'^{^D)  +  02(X^E")  -  02(a^n^)  +  N('*S)  (20-54) 

N'^(^S)  +  NO(X^n^)  -»  NO'^(a^E*)  +  N(^P)  (20-55) 

No  quantitive  measurements  are  available,  however,  relating  to  Reac¬ 
tions  (20-52)  through  (20-55). 
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20.4.5  Neutral  Molecular  Oxygen. 

20.4.5.1  Vibrational  Excitation-Deexcitation  of  the 
Ground  Electronic  State.  02(X)  Z 

During  the  years  since  the  classical  reviews  (References  20-11. 
20-111.  20-226)  of  the  vibrational  excitation  of  ground-state  oxygen 
in  the  atmosphere  were  published,  additional  interactions,  e.g.,: 

0  +  Oj  -♦  OgCa^A^)  +  OgCX^E")*  .  (20-56) 

have  been  found  (Reference  20-227)  to  comprise  efficient  means  of 
generating  the  higher  vibrational  levels  of  02(X)^.  Vibrational 
excitation  by  electron  impact  with  02(X)  (References  20-228,  20-229) 
is  also  an  important  process,  for  which  the  cross-sections  are.  how¬ 
ever.  generally  both  narrover  and  of  lesser  magnitude  than  the 
comparable  processes  in  N2(X).  Electron- impact  excitation  rate 
coefficients  obtained  (Reference  20-230)  from  the  measured  cross- 
sections  are  presented  in  Figure  20-8  for  a  Maxwellian  electron  ve¬ 
locity  distribution.  (It  may  be  useful  to  compare,  in  this  context, 
the  curves  of  Figure  20-8  with  the  corresponding  material  relating 
to  N2(X),  in  Figure  20-3.) 

In  addition,  high-energy  (>10  eV)  ions  are  found  (Reference 
20-231)  t^  generate  vibrationally  excited  oxygen  via: 

0“^  +  02(X)  -♦  +  02(X)*  .  (20-57) 

The  signficance  of  vibrationally  excited  02(X)  arises  from  its 
role  in  enhancing  the  rates  of  such  processes  as: 

02(X)  +  e  -»  O"  +  O  .  (20-58) 

where  it  is  found  that  the  cross-section  for  Reaction  (20-58)  de¬ 
pends  strongly  on  the  02(X)  internal  temperature  (References  20-203. 
20-232,  20-233).  As  the  equlibrium  temperature  of  02(X)  increases 
from  300  K  to  2100  K.  the  energy  levels  of  both  the  maximum  cross- 
section  and  the  threshold  for  Reaction  (20-58)  shift  downward.  These 
results  have  been  interpreted  (Reference  20-234)  as  being  due  to  the 
vibrational  excitation  of  02(X),  but  it  has  also  been  shown  (Refer¬ 
ence  20-235)  that  rotational  excitation  must  be  important  as  well. 

Vibrationally  excited  02(X}^  is  quenched  by  several  atmospheric 
species;  quenching  coefficients  for  various  collision  partners  are 
summarized  in  Table  20-9.  Using  these  data  in  conjunction  with 
atmospheric  densities  and  temperatures  (Reference  20-138),  the  ef¬ 
fective  first-order  deactivation  rate  coefficients  for  02(X.v-l) 
are  shown  in  Figure  20-9  as  functions  of  altitude. 
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Figure  20-8.  Electron- Impact  excitation  rate  coefficients  of 
three  02(X)  vibrational  levels  as  functions  of 
the  electron  temperature  (Reference  20-230) . 
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1.7  X  10-10  oxpC-^OO^/T)  2000-4000  20-238 

H,0*  (W)  3.6  X  10-10  eXR(-60.49/Tl/l)  200-5000  20-18,  20-123 


EFFECTIVE  FIRST-ORD^R  RATE  CONSTANT  (mc'1) 


Al.riTUDE  (km) 

Figure  20-9.  Deactivations  of  02(v>il}  by  various 
processes  as  functions  of  altitude 
(Reference  20-138). 
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20.4. S. 2  Electronic  Excitation-Deexcitation:  02(X^2^~)  ^  O^Ca^A^) 

Anong  the  moat  abundant  me tas table  states  found  in  tbe  upper 
atebspbere  is  the  (aiAg)  state  of  tbe  oxygen  noleeule.  This  state 
is  the  upper  level  f ton  which  the  (O.O)  transition  band  to  the  ground 
electronic  state  gives  rise  to  the  Infrared  atmospheric  emission  at 
1.27  lut.  Its  daytime  density  (References  20-239.  20-240)  at  SO  km 
altittUte  is  about  lo^^  cn~^.  and  its  abundance  is  attributed  to  the 
photodissociation  of  ozone  by  solar  radiation  in  the  Hartley  con¬ 
tinuum  (References  20-239.  20-241): 

Oj  +  hv  (Hartley  continuum)  -*  0  +  02(a^Ag)  .  (20-59) 

Table  20-10  (Reference  20-242)  lists  the  quantum  yields  for  various 
photolytic  processes,  including  Reaction  (20-59).  for  a  range  of 
wavelengths  in  the  visible  and  ultraviolet  regions. 

Table  20-10.  summary  of  evaluated  photochemical  data 
(Reference  20-242) . 


-  -  - - - -wavereagth — 

Have-  Range  (nm) 
Quantum  Length  for  Absorption 
Photolytic  Process  Yield  (nm)  Coefficients 


03 

4  hv 

(vis) 

-* 

0 

4  O2 

1 

450-750 

440-850 

02 

4  hv 

(UV) 

-4 

0 

(^D)  4  02(alAg) 

1 

250-310 

200-360 

0 

>310 

-¥ 

0 

(^D)  4  ©^(X^E”) 

0 

<350 

0 

(3p)  4  02(singlet) 

0 

<310 

-1 

310-350 

0 

(total)  4  O2 

1 

250-350 

0 

(^D)  4  02(b^E*) 

0 

250-350 

0 

(’p)  .  OjCx’l-) 

0 

250-350 

other  mechanisms  producing  02(aXag)  include  the  neutral 
rearrangement: 

0(^P)  +  O3  -»  02(X^E")  +  02(a^Ag)  .  (20-60) 

with  a  rate  coefficient  (Reforence  20-243)  k  >  4.5  x  10“15  cm^sec^^, 
and  electron-impact  excit:;cion: 
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OgCX^E”)  +  e  -♦  +  e  .  (20-61) 

Tbe  cross-section  for  Reaction  (20-61)  has  been  measured  (Reference 
20-244).  It  has  also  been  calculated  using  the  Born  approximation 
(Reference  20-245).  Rate  coefficients  for  the  electron- impact  ex¬ 
citation  of  02(alAg)  from  the  ground  state  as  functions  of  the  elec¬ 
tron  temperature  have  been  derived  (and  are  listed  in  Table  20-11) 
from  the  measured  cross-sections  for  low-energy  electrons  (Reference 
20-246).  It  has  been  suggested  (Reference  20-247)  that  the  exo¬ 
thermic  reaction: 

Table  20-11.  Electron-impact  excita¬ 
tion  rate  coefficients 
(cm^sec”^)  for  the  pro¬ 
duction  of  02(aiAa)  and 
02(blEj)  from  02(x3Ea) 

(iefeiince  20-246). 


Electron 

Temperature 

<eV) 

(a^Ag) 

0.1 

1.7(-15) 

3.1(-18) 

0.2 

5.1(-13) 

1.6(-14) 

0.3 

3.7(-12) 

3.2(-13) 

0.5 

2.3(-ll) 

4.1(-12) 

0.7 

3.2(-ll) 

1.4(-11) 

1.0 

1.3(-10) 

3.2(-ll) 

1.2 

1.9(-10) 

4.6(-ll) 

1.5 

3.0(-10) 

6.7(-ll) 

2.0 

4.4(-10) 

l.l(-lO) 

3.0 

6.5(-10) 

1.5(-10) 

5.0 

8.5(-10) 

2.0(-10) 

Note:  Numbers  in  parentheses  indi¬ 
cate  the  power  of  lO  by  which 
the  entries  are  to  be  multi¬ 
plied  . 
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.  Oj  NO  -♦  HO"*^  +  02(a^A^) 

nay  be  relevant  to  auroral  pbenonena. 

The  altitude  profile  of  02(a^dg)  obtained  fron  rocbet  neasuteaenta 
of  the  1.27-wa  radiation  (References  20-240*  20-248}  is  well  under¬ 
stood  in  terns  of  its  daytime  production  mechanisn.  The  nighttime 
measurements*  however  (Reference  20-249)*  imply  the  importance  of 
such  additional  reactions  as: 

O  +  O  +  M  -*  02(a^A^)  +  H  (20-63) 

(M  -  third  body)  and 

O  +  HO2  02{a^A^)  +  OH  .  (20-64) 

The  latter  mechanism  has  been  suggested  (Reference  20-250)  as  an 
additional  source  f«^t  nightglow. _  _  .  _ _ 

The  singlet  metastable  state.  02(aiAg).  is  quite  stable  and  its 
behavior  has  been  documented  in  depth  (Reference  20-251).  It  Is 
quenched  by  atmospheric  species,  e.g.*  O2.  N2.  O*  O3.  and  in  highly 
disturbed  atmospheres  by  low-energy  electrons.  The  quenching  data 
are  in  excellent  agreement  (Reference  20-252).  The  most  reliable 
values  (excluding  the  data  of  Reference  20-253}  are  given  in  Table 
20-12.  It  is  evident  fron  these  data  that  molecular  oxygen  is  the 
dominant  quenching  partner  in  the  normal  atmosphere,  a  conclusion 
confirmed  by  the  interpretation  of  atmospheric  02(a^Ag)  emission 
offered  in  Reference  20-240. 

Other  loss  mechanisms  for  02(a^Ag)  have  been  suggested,  such  as: 

0“  +  02(a^A^)  -»  O2  +  O2  +  e  ,  (20-65 

occurring  in  polar-cap  absorption  events  (Reference  20-259)  and  in 
the  disturbed  atmosphere  (Reference  20-260).  Further  investigations 
have  verified  the  rapidity  of  the  reaction  (References  20-261, 

20-262)  with  a  rate  coefficient  k  “  2  x  10~^®  cm^sec"^,  and  have 
indicated  that: 

O"  +  02(a^Ag)  -»  O3  +  e  ,  (20-66) 

is  rapid  as  well,  with  a  rate  coefficient  fc  =  3  x  10“^°  cm^sec”^. 

Deexcitation  detachment  reactions  such  as  Reaction  (20-65)  are 
significant  for  disturbed  atmospheres  in  which  anomalously  long. 
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Table  20-12. 

Quenching  data  for 

02(a^A^). 

Quenching 

Species 

Rate  Constant 
{cm3  8ec~^> 

References 

O2 

2.4  X  10-1® 

20-252 

2.2  X  10-1® 

20-254 

2.2  X  10-1® 

20-255 

2.0  X  10-1® 

20-256 

/  T  \0*8 

[m)  * 

20-242 

**2 

<1.1  X  10-1® 

20-240 

CO2 

3.9  X  10-1® 

20-252 

H2O 

1.5  X  lO-l"? 

20-252 

At 

<2,1  X  10-1® 

20-252 

0 

<1.3  X  10-18 

20-257 

N 

(2.8±2)  X  10-18 

20-257 

O3 

3  X  10-18 

20-258 

e.g..  1.27  VM.  emissions  are  found*  presumably  owing  to  the  presence 
of  02(a^Ag)  (References  20-263  through  20-265). 

Still  another  channel  by  which  02(a^Ag)  may  be  quenched  is  the 
radiative  formation  of  O2  dimer  (References  20-251,  20-266): 

2  02(a^A^)  O*  2  02(X^E~)  +  hv(634,  703  nm)  (20-67) 

The  same  interaction  leads  alternatively  to  the  formation  of  02(b^Eg) 
(References  20-266,  20-267): 

2  02(a’^A^)  -»  02(b^E^)  >  02(X^E")  .  (20-68) 

However,  the  rate  coefficient  (Reference  20-268}  for  Reaction 
(20-67)  is  k  2  X  cm^sec-^-.  which  Indicates  that  both  Reac¬ 

tions  (20-67)  and  (20-68)  are  probably  unimportant  in  the  normal 
atmosphere . 
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20.4.5.3  Electronic  Bxcltation-Deoxcitation:  OjCX^E")  ;*  OjCb^Ej) 

Tbe  netastable  state  02(b^Cg)  is  the  upper  level  for  the  02(b^X) 
atnospheric  band  enlssion.  It  is  forned  sinilarly  to  02(alAg>.  by 
electron-inpact  excitation  from  the  ground  state  of  the  itole^le: 

02(X^E“)  +  e  -*  O^Cb^Ej)  +  e  .  (20-69) 

The  cross-section  has  been  measured  (Reference  20-244),  and  excita¬ 
tion  rate  coefficients  over  a  range  of  electron  temperatures,  which 
have  been  obtained  (Reference  20-246)  from  the  measured  cross- 
sections  for  lov-energy  electron  collisions,  are  compiled  in  Table 
20-11. 

Additional  mechanisms  for  generating  02(b^Eg)  include  solar 
photolysis  of  osone: 

Oj  +  ho  -»  02(b^E*)  +  o  ,  (20-70) 

three-body  formation; . 

O  +  O  +  M  02(b^Ej)  +  M  .  (20-71) 

and  neutral  rearrangement: 

O  +  O3  -*  02(b^Ej)  +  02(X^E")  .  (20-72) 

Two  additional  production  mechanisms  are  Reaction  (20-68)  and  the 
energy-transfer  reaction  (References  20-269.  20-270): 

0(^D)  +  02(X^E")  -»  0(^P)  +  02(b^Ej)  .  (20-73) 

The  measured  rate  coefficient  for  Reaction  (20-73)  (Reference  20-270) 
is  k  >  9  X  10“H  cm^sec'i,  which  nay  be  Important  in  auroras  (Ref¬ 
erence  20-271).  Reaction  (20-73)  has  been  identified  (Reference 
20-272)  as  resonant  with  the  (v=2)  level  of  02(blEg).  Hore  recent 
observations  (Reference  20-273),  however,  of  the  atmospheric  band  in 
auroras  indicate  emission  from  higher,  l.e..  (v>5),  vibrational 
levels.  This  suggests  the  existence  of  energy-transfer  processes 
from  0(^S).  N(2d).  and  also  0(^D)  at  high  kinetic  energies,  such  as 
to  populate  the  (v>4)  levels  (Reference  20-273). 

The  quenching  of  02(biEg)  proceeds  via  low-energy  electron  colli¬ 
sions  in  both  normal  and  highly  disturbed  atmospheres.  Quenching 
also  occurs  by  collision  with  N2  and  O2.  where  k  -  (l.S-2.5)  x  10~i^ 
cmSsec-i  (References  20-274,  20-275)  and  1.5  x  lO-i®  cm^sec-i  (Ref¬ 
erences  20-15,  20-274).  respectively. 
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20.4.5.4  Electronic  Excitation-Deexcitation:  02(x3i:”)  ^ 

The  state  of  the  oxygen  molecule  is  metastable  and  is  the 

upper  level  of  the  forbidden  Heraberg  band  transitions.  Prom  obser¬ 
vations  in  the  normal  atmosphere  and  from  laboratory  afterglow 
measurements,  the  dominant  excitation  of  this  state  is  believed  to 
be  due  to  the  three-body  process  (References  20-276.  20-277): 

O  +  O  +  M  -»  02(A^I:^)  +  M  .  (20-74) 

The  rate  coefficient  for  Reaction  (20-74)  has  been  measured  (Ref¬ 
erence  20-278)  with  M  »  N2;  it  has  a  value  X  ~  lO"^?  cm^sec"^  at  low 
pressure,  i.e.,  n(N2)  <  cm-3.  In  highly  disturbed  atmospheres, 

electron  impacts  with  02(X)  are  expected  to  excite  the  (A^Ej)  state. 
However,  data  exist  for  the  cross-section  for  this  process  only  at 
20  and  45  eV  electron  energies  (Reference  20-279).  The  quenching  of 
02(a3£u)  by  atmospheric  species  is  not  a  well-known  phenomenon. 

20.4.6  Neutral  Atomic  Oxygen.  O 

The  oxygen  atom  has  two  low-lying  metastable  states.  0(^D)  and 
0(^3),  the  upper  levels  for  emissions  at  630  and  557.7  nm.  respec¬ 
tively.  In  addition,  the  resonance  line  at  130.4  nm  has  been  of 
considerable  interest  in  atmospheric  ultraviolet  emission.  The  (^D) 
and  (^S)  states  are  discussed  in  detail  below. 

20.4.6.1  Electronic  Excitation-Deexcitation:  0(^P)  t  0(^D) 

The  (^D)  state  of  atomic  oxygen  emits  two  forbidden  lines  at  630 
and  636.4  nm,  which  are  prominent  in  the  aurora,  dayglow.  nightglow, 
twilight,  and  in  highly  disturbed  atmospheres.  In  the  dayglow  the 
malor  source  of  0(^D)  is  the  O2  photodissociation  in  the  Schumann- 
Runge  continuum  (Reference  20-280): 

©2  +  hv(>7.1  eV)  -♦  0(^P)  +  0(^D)  .  (20-75) 

Below  80  km  altitude,  the  photolysis  of  ozone  contributes  greatly  to 
0(^D)  production,  via  reactions  listed  in  Table  20-10.  At  higher 
altitudes.  0(^D)  is  produced  by  dissociative  recombination: 

O*  +  e  -♦  0(^P)  +  0(S)  (20-76) 

A 

and  by  electron-impact  excitation  of  the  ground  state: 

0(^P)  +  e  -»  0(^D)  +  e  .  (20-77) 

Equations  (20-76)  and  (20-77)  are  important  0(^D)  contributors  in 
auroras  and  highly  disturbed  atmospheres  as  well  as  the  normal  atmo¬ 
sphere.  The  rate  coefficient  for  Reaction  (20-76)  has  been  reliably 
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neasuted  over  a  wide  range  of  electron  tempetatnrea  (Reference 
20-281).  At  rooa  temperature,  k  »  2.2  x  10**'^  cm^eec~^.  Afterglow 
measurements  (References  20-282.  20-283}  of  the  branching  ratio  among 
the  products  of  Reaction  (20-76)  have  sho%m  the  true  products  to  be: 
0.9  0(^D)  0.1  0(^S)  +  1.0  0(3p).  with  appropriate  reaction  rate 

coefficients  at  300  K  (as  defined  in  terms  of  the  individual  species 
productions  rather  than  disappearance  of  the  reactant  O2)  equal  to 
1.9  X  10“'^.  2.1  X  10“®.  and  2.1  x  10“17  cm^sec-^.  respectively. 

The  electron- impact  excitation  cross-sections  for  the  ground-state 
configuration,  which  includes  0(^0)  and  0(^S).  have  been  calculated 
(References  20-208  through  20-210.  20-284).  The  cross-sections  ob¬ 
tained  in  the  most  recent  and  most  accurate  of  these  calculations 
(Reference  20-284)  have  been  utilized  to  obtain  (Reference  20-213) 
the  relevant  cate  coefficients  for  excitation.  These  cates  are  pre¬ 
sented  as  functions  of  the  electron  temperature  in  Figure  20-10. 

They  ace  also  listed  in  Table  20-13.  along  with  the  corresponding 
deexcitation  cate  coefficients,  obtained  by  detailed-balance  compu¬ 
tations  (Reference  20-213). 

The  (^D)  state  also  arises  as  a  result  of  electron  impacts  with 
molecular  oxygen  via  dissociation  and  dissociative  ionization  coac- 
tions.  No  quantitative  data  ace  available  in  this  area,  however. 

Data  from  flowing-afterglow  experiments  (Reference  20-278)  suggest 
that  the  deactivation  of  0(^S)  by  0(^P)  may  also  give  rise  to  0(^D); 

0(S)  +  0(^P)  -»  0(’‘D)  +  0(^D)  (20-78) 

-*  0(^P)  +  0(^D) 

the  importance  of  which  in  the  nightglov  has  been  noted  elsewhere 
(Reference  20-11).  This  reaction  and  its  kinetics  are  discussed 
further  below. 

The  quenching  of  0(^D)  by  collisions  with  atmospheric  species 
includes,  in  highly  ionized  atmospheres,  superelastic  collisions 
with  low-energy  electrons  (see  Table  20-13).  It  had  earlier  been 
concluded  (Reference  20-11).  on  the  basis  of  older  quenching  data, 
that  molecular  nitrogen  is  the  most  efficient  quenching  agent, 
having  a  cate  coefficient  for  the  process  of  k  ac  8  x  10“^*  cm^sec^^. 
This  value  was  supported  at  the  time  of  its  publication  (References 
20-285.  20-286),  and  in  a  later  review  (Reference  20-15).  More  re¬ 
cent  findings  (Reference  20-287.  however,  have  determined  the  quench¬ 
ing  rate  coefficients  of  0(^D)  by  N2  and  O2  to  be  5.5  and  7.5  x  10“^^ 
cm^sec-l.  respectively,  indicating  that  O2  is  the  more  efficient 
quencher,  contrary  to  prior  opinion  (Reference  20-286). 

In  addition  to  coXlisional  quenching.  0(^D)  undergoes  depletion 
by  chemical  interactions  with  minor  atmospheric  species,  especially 
In  the  stratosphere.  The  importance  of  these  reactions  has  been 
demonstrated  both  in  the  D-cegion  (Reference  2j-288)  and  in  the 
stratosphere  (Reference  20-289).  In  the  stratosphere,  for  example. 
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Tjible  20~I3.  Electron  impact  excitation  and  deexcitation 
rate  coefficients  for  the  low-lying  states 
of  the  oxygen  atom  (Reference  20-213}.^ 


Te(eV) 

3p  _  Id 

3p  -  Is 

Id  - 

Is 

0.1 

1.92  (-18)^ 

1.78  (-28) 

2.25 

(-19) 

1.1  (-9)C 

2.1  (-9) 

4.9 

(-9) 

0.2 

5.28  (-14) 

1.96  (-19) 

1.76 

(-14) 

1.7  (-9) 

2.1  (-9) 

5.8 

(-9) 

0.3 

1.76  (-12) 

2.10  (-16) 

8.07 

(-13) 

2.2  (-9) 

2.1  (-9) 

6.5 

(-9) 

0.5 

3.28  (-11) 

6.04  (-14) 

1.52 

(-11) 

2.9  (  -i) 

2.3  (-9) 

6.4 

(-9) 

0.7 

1.21  (-10) 

7.25  (-13) 

5.4 

(-11) 

3.5  (-9) 

2.5  (-9) 

6.4 

(-9) 

1.0 

3.43  (-10) 

4.93  (-12) 

1.38 

(-10) 

4.4  (-9) 

2.9  (-9) 

6.3 

(-9) 

1.2 

5.20  (-10) 

1.06  (-11) 

1.97 

(-10) 

4.8  (-9) 

3.1  (-9) 

6.2 

(-9) 

l.S 

7.94  (-J0) 

2.32  (-11) 

2.76 

(-10) 

5.2  (-9) 

3.4  (-9) 

6.0 

(-9) 

2.0 

1.21  (-9) 

5.15  (-11) 

3.98 

(-10) 

5.8  (-9) 

3.7  (-9) 

6.0 

(-9) 

3.0 

1.84  (-9) 

1.16  (-10) 

5.30 

(-10) 

6.3  (-9) 

4.2  (-9) 

5.5 

(-9) 

5.0 

2.52  (-9) 

2.21  (-10) 

7.16 

(-10) 

6.7  (-9) 

4.6  (-9) 

5.5 

(-9) 

7.0 

2.73  (-9) 

2.8  (-10) 

7.76 

(-10) 

6.5  (-9) 

4.6  (-9) 

5.3 

(-9) 

10.0 

2.80  (-9) 

3.3  (-10) 

7.5 

(-10) 

6.1  (-9) 

4.5  (-9) 

4.6 

(-9) 

15.0 

2.58  (-9) 

3.8  (-10) 

6.9 

(-10) 

5.3  (-9) 

4.5  (-9) 

4.0 

(-9) 

o 

o 

2.23  (-9) 

3,7  (-10) 

6.4 

(-10) 

4.4  (-9) 

4.1  (-9) 

3.5 

(-9) 

Notes : 

^Numbers 

in  parentheses 

indicate  the 

power  of 

:  10  by 

which  the  entries  are 

to  be  multiplied. 

excitation  rate  coefficient. 

The  corresponding  deexcitation  rate 

coefficient . 
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CHAPTER  20 


the  presence  of  OH  and  HO2  free  radicals  Is  attributable  solely  to 
the  reaction  of  0(^0)  with  water  vapor: 

0(1D)  +  H2O  OH  +  OH.  (20-79) 

for  which  h  »  6  x  10~^®  cm^sec”^  (Reference  20-290).  or  3.5  x  10“^® 
cm^sec^  (References  20-242.  20-291).  It  has  been  shown  (Reference 
20-288)  that  ozone  concentrations  in  agreement  with  measured  values 
may  be  computed  only  if  several  0(^0)  reactions  involving  hydrogen 
and  water  are  taken  into  consideration.  These  include  Reaction 
(20-79)  and  also: 

O(l-D)  +  H2  -»  OH  +  H  .  (20-80) 

for  which  k  *  3  x  lO^^O  cm^sec-^  (Reference  20-292).  Thus  if  it  were 
assumed  that  k  ~  10“^^  cm^sec"^  for  Reaction  (20-80).  0(^0)  densities 
of  10^-10^  cm“^  between  40  and  100  km  altitude  are  derived  (Reference 
20-288).  This  result  is  probably  too  large  because  of  the  assumed 
value  for  the  rate  coefficient  of  Reaction  (20-80).  However,  the 
general  conclusion  that  even  small  concentrations  of  0(^D)  are  ex¬ 
tremely  important  persists  even  when  turbulent  transport  is  taken 
into  account  (References  20-293.  20-294).  In  addition  to  Reactions 
(20-79)  and  (20-80),  other  chemical  reactions  removing  0(^D)  from 
the  stratosphere  are: 

0(^0)  +  CH4  -»  CH3  +  OH  (20-81) 

and 

0(^0)  +  N2O  -»  N2  +  O2 

-»  NO  +  NO  .  (20-C2) 

for  which  k  s  3  and  1  x  10"^®  cm^sec"^,  respectively  (Reference 
20-295) . 

These  reactions  demonstrate  the  importance  of  0(^D)  in  the  stra¬ 
tosphere.  Its  role  in  the  tropospheric  chemistry  has  also  been  docu¬ 
mented  (References  20-296  through  20-298).  Table  20-14  (Reference 
20-299)  summarizes  the  quenching  reactions  of  0(^0)  and  the  corre¬ 
sponding  rate  coefficients.  In  addition  to  these,  the  population 
density  of  0(^0)  is  also  affected  in  highly  ionized  atmospheres  by 
numerous  charge-exchange  and  ion-atom  interchange  reactions  (Refer¬ 
ence  20-214).  including  such  examples  as: 

+  0(^D)  -»  N2(X^Eg)  +  0*(^D)  (20-83) 

and 

N^(^P)  +  0(^D)  -♦  N(^D)  +  O'^(^S)  (20-84) 

as  depleting  mechanisms,  and: 
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Table  20-14.  Reaction  rate  coefficients  for  0(^D)  loss 
(Reference  20-299). 


Reaction 


Rate  Constant  (cm^8ec~^}  at  298  K 


0(  D2) 


"  O2  •* 


Oj  (b  Ig)  +  OC-P) 


(3.7  ±  0.3)  *  10 


0(\> 


*  °3  ■* 


O2  +  2  0(3p)  (b) 


(2.3  ±  0.3)  X  10"^®;  Bcanching  ratio  -0.5 


0(^02) 

0(1D2) 

0(1d2) 

0(1d2) 

0{1D2) 


NO  +  0{3p) 


(4  ±  1)  X  10- 


+  N02  -*  no  +  02 


(1.4  ±  0.3)  X  10- 


N2  +  0(3p) 


(2.8  ±  0.3)  X  10-11 


+  N2  +  M  -►  N2O  +  M 


2.8  X  10“^®  cm^sec-l  (Reference  20-287) 


4  N2O 


4  N2  4  O2  (a) I 
-»NO  +  NO  (b)  ) 


(1.20  ±  O.IB)  X  10-10;  Branching  ratio  -0.5 


0(1d2) 

0(1D2) 

0{1D2) 

0(1D2) 

0(1D2) 

0(’D2) 

0(1D2) 


4  NH3  -♦  NH2  4  OH 


(2.7  ±  0.4)  X  10-10 


OH  4  H 


4  H2O  -♦  OH  4  OH 


4  H2O2  -*  OH  4  HO2 


4  CO  -»  CO  4  0(3p) 


4  CO2  -*  CO2  4  0(lp) 


(1.25  ±  0.25)  X  10-10 
(2.0  ±  0.3)  X  10-10 

(2.8  ±  1.0)  X  10-10 

(3.6  ±  0.5)  X  10-11 

(l.O  ±  0.2)  X  10-10 


4  CH4 


CH3  4  OH  (a)  I 
CH2O  4  H2  (b)| 


(1.5  ±  0.3)  X  10-10;  Branching  ratio  -0.5 


0(1D2) 


4  C2H5  4  OH  (a)  I 
-»  CH3  4  CH2OH  {b)| 


(3.2  ±  0.5)  X  10-10;  Branching  ratio  -0.5 


N'^C^S)  +  -»  NO  (A*n)  +  0(  D) 


(20-05) 


as  a  mechanism  of  formation  of  0(^D). 


20.4.6.2  Electronic  Excitation-Deexcitation;  0(^P)  ^  0(^S) 


It  was  suggested  50  years  ago  (Reference  20-300)  that  0(^S)  may 
be  formed  in  the  nightglow  by  the  reaction: 
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0(^P)  +  0(^P)  +  0(^P)  -*  0(’'S)  +  ©2  (20-86) 

Where,  among  the  collision  partners  available  to  O?.  only  energy 
transfer  to  0(3p}  could  generate  0(iS).  This  implicitly  assumed  an 
initial  step  in  which  the  stabilized  excited  O2  would  have  sufficient 
energy  to  excite  an  0(3p)  atom  to  the  0(iS)  state.  Such  a  mechanism 
was  proposed  some  30  years  later  (Reference  20-301): 

0{^P)  +  0(^P)  +  M  -*  ©2  +  M  (20-87) 

©2  +  ©(^P)  <>2  +  ©(^S)  .  (20-88) 

Still  later,  the  validity  of  this  two-step  mechanism  was  disputed, 
and  its  abandonment  was  advocated  (Reference  20-302).  but  more  re¬ 
cently  it  has  been  supported  (Reference  20-303)  on  the  basis  of  new 
data  on  ©(^S)  production,  combined  with  current  altitude  profiles 
of  557.7-nm  intensities  and  ©(^P)  concentrations.  It  was  suggested 
(Reference  20-303)  that  the  excited  intermediate  molecular  form  of 
oxygen  in  Reactions  (20-87)  and  (20-88)  might  be  02(i!i^^u)'  This 
interpretation  has  received  fresh  confirmation  from  recent  experi¬ 
mental  data  (Reference  20-304).  The  measured  total  cate  coefficient 
for  the  overall  production  of  0(^S).  i.e..  for  Reactions  (20-87) 
and  (20-88),  has  been  determined  (Reference  20-303)  as  a  function  of 
the  kinetic  temperature:  ^xotal"  *  10“30  exp(-1300/RT)  cm®sec-^. 
This  should  be  compared  with  the  three-body  process.  Reaction 
(20-86),  for  which  k  >  4.8  x  10“33  cm^sec"*  at  300  K  (Reference 
20-305).  Additional  three-body  reactions  forming  ©(^-S)  include: 

©(^P)  +  ©(^P)  +  N(*S)  -*  ©(^S)  +  N©  (20-89) 

and 

N(^S)  +  N(^S)  +  0(^P)  -»  N2  +  ©(^S)  .  (20-90) 

for  which  k  =  2.56  x  10“31  1.3  x  10~30  cm^8ec~^,  respectively 

(Reference  20-305). 

Formation  of  ©(^S)  also  occurs  via  the  dissociative  recombination 
of  ©2,  i.e..  Reaction  (20-76).  The  rate  coefficients  describing  the 
kinetics  of  electron- impact  excitation  of  ©(^s)  from  both  ©(3p)  and 
©(^D)  in  highly  ionized  atmospheres  are  included  in  Figure  20-10  and 
Table  20-13. 

The  daytime  photodissociation  of  ©3: 

©2  +  hw(\<133.2  nm)  -»  ©(3p)  +  ©(^S)  (20-91) 
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C9i»tii%iit«8  sppceeialaXy  (Befaraitc*  ao-30$)  to  tfi#  5S’9'.7-im  oniasioo 
boioir  ISO  kK  altltado.  wltb  tbb  ^joc  coatribution  to  0(H)  foriuio 
ti)Mi£  coming  1Cco«  tbo  pbotodiinoelation  of  02  In  the  wavoi^ii^ 

X20. 5-129^2  nm.  It  ban  boon  «nggo«t«d  (Rafaranca  20^1^7).*^^^^ 
tjaat  abaoeptlon  near  tba  tbnltattbn  'intaiboid,  t«  pfi-' 

maclly  raaponiibla  for  tba  pbotodliaC^aticnr  Qnaattiii 
aueananta  of  Q(H)  ganacation  via  tba  photodiiaociation  of  a  ^ 

wavalangth  range  85>130  nm  baa  lad  to  tba  cone lne,lon  (Ratarinca 
20-308}  that  Reaction  (20-91)  ia  more  afficiant  around  lOS  im«  and 
that  tba  photodissociativa  excitation  arobnd  the  tiyaan-d  (I02.S7  nmi} 
providea  the  major  fraction  of  the  0(H)  produced. 

Quenching  of  0(^8}  takea  place  via  collision  yitb  ati|onPbarie 
spec  lea  and  auperelaatic  collisions  with  low-ener<rf  almcnieons  in 
highly  disturbed  atmospheraa.  Rarly  auroral  maasurenents  of  the 
green  lines  (Reference  20-309)  found  the  effective  lifetime  of  the 
557.7-nm  emission  to  be  shorter  than  its  natural  1 if at lie.  This  is 
attributable  to  the  guanching  of  0(ls)  by  several  atpiospheric  spe¬ 
cies,  the  corresponding  rate  coafflciants  of  whicb.  tnolmding  temper¬ 
ature  dependence  in  some  instances,  have  bean  measured  axtanaively. 
The  previous  value  of  the  rate  coefficient  for  guenching  of  0(H} 

by  01?Plj  os  .eet_f orbh  ijs  Reaction-j(gOrJrR)  jRas„Jt--«  J8^ _ 

cm^sec*-!  (Reference  20-278).  This  l»s  now  bean  superseded  by  a  such 
larger  value,  i.e.  k  -  7.5  x  10~^2  em^aec^l  at  300  K  (Reference 
20-305).  and  k  »  s.o  x  lO'^^  exp(-6lo/RT)  cm^sec**^  (Reference 
20-303).  The  guenching  of  0(1&)  bjr  O2: 

©(’•S)  ^  ■*  0<S)  +  ©2  .  (20-92) 

has  been  characterized  by  the  following  rate  coefficients:  k  »  4.0 
X  10~^2  exp(-1730/RT)  ca^8ec~^  (Reference  20-310).  and  k  «  4.9  x 
10-12  ®xp(_i7oo/RT)  cm^sec"!  (Reference  20-311).  The  latter  value 
is  sealler  by  20%  at  room  temperature  than  an  earlier  measurement 
(Reference  20-312).  The  guenching  rate  coefficient  of  0(H)  by  N2 
is  k  <  5  X  10~1'7  cm^sec-^  (Reference  20-311).  Table  20-15  Reference 
20-299)  summarizes  the  guenching  rate  coefficients  of  0(^8)  by  sev¬ 
eral  major  and  minor  atmospheric  species. 


20.4.7  Ionized  Atomic  oxygen,  o’** 

The  atomic  oxygen  ion  has  two  low-lying  metaatable  states, 
and  0'*'(2p),  which  play  important  roles  in  the  chemistry  of  both 
gulescent  and  disturbed  atmospheres.  They  are  produced  in  the  day- 
glow  through  the  direct  photoionization  of  the  oxygen  atom: 

0{^P)  +  hw  -♦  o'*'(^S,  ^D.  ^P)  +  e  .  (20-93) 

The  photoionization  cross-sections,  especially  the  partial  cross- 
sections  leading  to  the  individual  states,  have  been  calculated 
(References  20-224.  20-313).  Chapter  12  of  this  Handbook  presents 
partial  photoionization  cross-section  results  obtained  from  Refer¬ 
ence  20-224. 
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Table  20^15 .  Reaction  rate  coefficients  for  0(^S) 
deactivation  (Reference  20-299). 


Reactants 

(All  Products  Tenperature  _  . 

Unknown)  Range  (K)  Rate  Constant  (cm^sec~'^) 


0{H) 

+ 

0(3p) 

200-370 

(5.0 

±  2.5) 

X 

10-11  exp(-roo/T) 

0(H) 

+ 

02 

200-450 

(4.8 

±  1.9) 

X 

10-12  exp(-850/T) 

0(lS) 

+ 

03 

298 

(5.8 

±  1.2) 

X 

10-10 

0 

CO 

NO 

200-300 

(3.3 

±  0.3) 

X 

10-11(T0.5) 

0(H) 

+ 

NO2 

2‘J8 

(5.0 

±  2.5) 

X 

10-10 

0(ls) 

+ 

N2 

200-380 

<5  X 

lo-i*^ 

0(ls) 

+ 

N2O 

200-^70 

(3.8 

±  0.8) 

X 

10-11  exp(-420/T) 

o<Ib> 

NH3 

^9» 

(5.0 

±2.5) 

X 

-lOrlO  _ 

0(ls) 

+ 

H2O 

298 

<1  X 

10-9 

0(ls) 

+ 

CO2 

150-500 

(3.0 

±  0.9) 

X 

10-11  exp(-1320/T) 

0(ls) 

+ 

CH4 

298 

<5.4 

X  10-1* 

The  0''’(2d)  and  0*{^V)  states  are  also  produced  by  collisions  with 
energetic  electrons,  analogously  to  the  photoionization: 

0(3p)  +  e  -♦  0+(^S,  2d,  2p)  +  2e  (20-94) 

Quantitative  branching  ratios  for  Reaction  (20-94)  are  not  available. 
These  may  be  estinated,  however,  using  the  corresponding  photoioniza¬ 
tion  cross-sections  as  a  guide.  Tt  has  also  been  deaonstrated  (Ref¬ 
erence  20-314)  that  lOO-eV  electrons  impacting  on  O2  in  dissociative 
ionization  produce  a  25%  yield  of  excited  states  among  the  0+  ions 
generated. 

In  addition  to  these  processes,  0+(2d>  and  0+(2p)  ate  formed  by 
electron- Impact  excitation  of  the  ground  state: 

0'*^(^S)  +  e  -»  0'^(^D,^P)  +  e  .  (20-95) 

Relevant  near-threshold  collision  strengths  for  the  constituent  pro¬ 
cesses  of  Reaction  (20-95)  have  been  calculated  (References  20-210, 
20-315),  and  deexcitation  rate  coefficients  have  been  calculated 
from  them  for  a  Maxwellian  electron  velocity  distribution  (Reference 
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20-213),  Table  20-16  presents  these  coefficients.  The  corresponding 
excitation  rates  are  obtainable  via  detailed-balance  coaputations. 

Table  20-16.  Electron- iapact  deexcitation  rate 
coefficients  for  the  low-lying 
aetaatable  states  of  O'*'  (Te  in 
eV)  (Reference  20-213). 


Deexcitation  Rate 
Coefficients 
Transition  (ca^  sec"^) 


2d  - 

1.3 

2p  - 

6.3 

2p  - 

2d 

2.4 

X  10-8  (Te)“^^2 
X  10-8  (Te)~l/2 
X  10-8 


Quenching  of  (Table  20-16)  proceeds  through  superelastic 

collisions,  especially  in  highly  ionized  atmospheres.  Additional 
important  loss  aecliahi sms  for  Q*(2t))  af e  its  near-fesbnaht  c^ 
exchanges  with  N2  and  O2: 

0‘*‘(^D)  +  Nj  NjCA^n^.v-l)  +  0(^P);  (20-39) 

0'''(^D)  +  O2  -»  O2(A^n^,V=0)  +  0(^P);  (20-96) 

-*  oJCA^n^.v-O)  +  0(^P)  .  (20-97) 

The  rate  coefficients  for  these  processes  are  large:  k  "  3  x  10-^^ 
cm^sec-^  (References  20-192.  20-201).  Reaction  (20-39)  may  enhance 
infrared  emissions  in  the  Meinel  bands  (References  20-190.  20-191). 
However.  Reaction  (20-97)  may  result  in  visible  radiation  from  the 
second-negative  bands  of  O2.  Near-resonant  Reactions  (20-39)  and 
(20-97)  have  been  suggested  as  potential  new  laser  sources  (Reference 
20-316). 

The  importance  of  Reactions  (20-39).  (20-96).  and  (20-97)  for 
atmospheric  deionization  is  apparent,  in  that  atomic  ions  are  thereby 
converted  to  molecular  ions,  for  which  the  rates  associated  with  dis¬ 
sociative  recombination  with  free  electrons  are  much  faster  than  any 
of  the  recombination  processes  available  to  atomic  ions. 

The  radiative  decay  of  0'*’{2p)  to  0'*’(2d)  is  accompanied  by  emis¬ 
sion  at  731.9  nm.  The  0'*'(2p)  is  also  quenched  by  collision  with  low- 
energy  electrons,  as  summarized  in  Table  20-16.  Its  quenching  by 
other  atmospheric  species,  however,  is  not  well  known.  Dayglow 
measurements  of  the  surface  emission  at  731.9  nm  were  analyzed  in 
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the  course  of  the  Xtuospheric  Sxploier  C  Satellite  experlseiita  (Bef- 
ereuce  20-317).  The  results  indicated  that  o|(2b)  quenchlho  by  Nj 
»ay  have  a  rate  coefficient  as  large  as  k  «  5  x  10**^^  cu^sec"^. 


20.4^8  troton-impaet  Excitation 

The  precipitation  into  the  atmosphere  of  energotic  protons  pro¬ 
duces  a  kind  of  disturbance  generally  known  as  the  proton  aurora. 
Proton  auroras  are  different  from  electron  auroras  both  in  their 
enissions  and  in  the  lesser  extent  of  their  vertical  distribution,  a 
function  of  the  more  limited  energy  ranges  of  ions  than  of  electrons 
in  the  atmosphere. 

Atomic  hydrogen  lines.  (6S6.4  nm)  and  (486.1  nm),  %rsre  first 
discovered  in  the  auroral  spectrum  and  were  attributed  to  hydrogen 
or  proton  showers  (Reference  20-318).  The  displacement  of  the 
toward  the  blue  was  interpreted  in  terms  of  high-speed  protons  being 
neutralized  upon  collision  with  atmospheric  atoms  or  molecules.  Be- 
vie%r8  of  proton  precipitation  and  hydrogen-line  emission  phenomena 
(Beference  20-318)  indicate  that  typical  protons  have  energies  in 
the  range  l-lOO  kev. 

Hydrogen  line  emlssioos  are  excited  by: 


H+  +  M  -*  H(ni)  +  M+  .  (20-98) 

which  leaves  the  hydrogen  atom  in  either  the  ground  state  or  an 
excited  state.  The  hydrogen  atoms  thus  created  have  very  high  ve¬ 
locities  and  travel  in  straight  lines  causing  ionization  and/or 
excitation: 

H  +  M-»H+4ll*+e  (20-99) 

-»  H(nl)  +  M*  (20-100) 

-»  H(nl)  +  M+  +  e  .  (20-101) 

Considerable  experimental  data  exist  (Beference  20-320)  for 
hydrogen-line  enissions  due  to  collisions  of  protons  with  N2.  The 
measured  emission  cross-sections  are  basically  for  excited  states 
where  n-2.  3,  and  4  with  representative  enissions  of  Lynan-a. 
and  H3. 

In  addition  to  hydrogen-line  enissions  in  the  proton  aurora,  the 
collisions  of  protons  and  hydrogen  atoms  with  atmospheric  atoms  and 
molecules  excite  other  well-known  atomic  and  molecular  emissions. 
Among  the  most  prominent  such  excitations  are  the  Meinel  and  first¬ 
negative  bands  of  Nz.  i.e.: 

+  N2  -»  H*  +  N2(A^n^)  (20-102) 

-»  H*  +  N2(B^I:J)  .  (20-103) 
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MeiKtxJttBsiitji  (SefBcenee  20-321}  of  the  croee-sectlone  fot  excitation 
of  liio  Meinel  bande  according  to  fteaction  (20-102)  by  protone  and 
hydrogen  atone  inpinging  on  N2  in  the  energy  range  O.S-25  k:eV. 
indicate  that  B  and  H***  both  nake  contributions  of  conparable  nagni- 
tude  to  the  generation  of  Heinel-band  eniesion.  The  croes-eectione 
fdr  f iret-negative  ^ahd  enieeion  by  proton  and  hydrogen  aton  ia^acte 
oni  Mg  according  to  fteaction  (26-163)  have  also  been  neaeured  (Eef- 
erencee  26-322  throngh  20-324)  for  incident  energies  in  the  range 
1-25  key.  For  energies  above  25  keV.  neasured- cross-sections  for 
Beaction  (20-103)  exist  (References  20-325.  20-326)  up  to  100  keV. 

Fdr  proton  inpacts  alone  at  energies  exceeding  20  keV.  the  39l.4-nn 
enission  has  been  neasured  (References  20-327.  20-326)  to  l  KeV. 
however . 

Laboratory  investigations  of  the  excitation  of  other  electronic 
enissions  in  Mg  by  proton  inpact  have  provided  neasurenents  for  the 
M2(B->a}  first-positive  (Reference  20-321)  and  (C-»B)  second-positive 
band  (Reference  20-322)  enissions. 

Bxperinental  data  relating  to  excitations  in  Og  are  linited  in 
terns  of  the  energy  range  and  electronic  states.  Sone  data  exist 
for  the  excitation  of  the  Schunann-Runge  continuun  (References 

_20r,325.._.26=3J6.)_-and^  the--O2_  .CbT*a-)-.-enias-ion_-(Referance--2a-3ai-)-.  -  -Fur - 

thernore.  the  proton- inpact  dissociation  of  Og. 

H+  +  Og  -►  H+  +  0(3P)  +  0(5-0)  (20-104) 

-»  H+  +  0(3P)  +  0(3P)  ,  (20-105) 

has  been  neasured  over  a  linited  energy  range  (References  20-329. 
20-330)  where  part  of  the  dissociation  process  results  in  the  exci¬ 
tation  of  the  630-nn  oxygen  red  line.  However,  another  investiga¬ 
tion  (Reference  20-332)  based  on  the  use  of  certain  scaling  laws 
yielded  proton  excitation  cross-sections  for  O  and  Og  fron  electron- 
inpact  excitations,  in  good  agreement  with  some  measured  cross- 
sections  (Reference  20-322). 

20.4.9  Metallic  Species 

Alkali  atoms  such  as  Na.  K.  etc.  are  present  in  the  atmosphere 
In  small  quantities,  and  are  generally  concentrated  in  the  D-  and 
E-regions.  The  measurement  of  emissions  from  Na  and  K  in  the  twi¬ 
light  (Reference  20-333}  has  permitted  the  inference  of  altitude 
profiles  of  these  species.  Sodium  ions  have  been  measured  (Refer¬ 
ence  20-334)  by  rocket-borne  spectrometry,  and  other  metallic  ions 
are  also  found  to  be  present  (References  20-335.  20-336)  in  the 
D-  and  B-regions.  The  densities  of  metallic  ions  like  Mg'*'  and  Fe'*' 
are  maintained  by  ablating  meteoroids  (Reference  20-337).  Other 
metallic  atoms  and  ions  may  be  introducted  into  the  atmosphere  by 
such  anthropogenic  processes  as  nuclear  detonations. 
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Alkali  atoms  are  excited  during  daylight  by  absorption  and  reso¬ 
nant  scattering  of  the  solar  radiation.  At  night  their  emission 
results  from  chemical  reactions.  The  detailed  chemistry  of  the 
alkali  metals  in  their  reactions  with  atomospberic  species*  however, 
is  not  yet  well  understood  (Reference  20-338).  Many  of  these  metal¬ 
lic  species  may  be  in  excited  states,  especially  the  energetic  ions 
created  as  a  result  of  nuclear  events.  For  Na'*'.  Fe'*'.  AX'*-,  and  a  few 
other  metallic  ions  it  has  been  shown  (References  20-339.  20-340) 
that  excitation  has  a  narked  effect  upon  the  cross-sections  measured 
at  kilovolt  energies.  Thus,  it  could  be  said  that  a  large  number  of 
reaction  rate  parameters  involving  metallic  atoms  and  their  ions 
interacting  with  atmospheric  species  remain  unkno%m.  This  includes 
reactions  where  the  metallic  species  concerned  are  in  ground  states 
as  well  as  in  excited  states. 


20.5  REACTION  RATES  FOR  REACTIONS  INVOLVING  EXCITED  STATES 

Table  20-17  summarizes  reaction  rate  coefficients  and  cross- 
sections  for  reactions  involving  the  excited  states  of  species  of 
interest  and  provides  a  considerable  portion  of  the  information 
available  in  this  area.  The  emphasis  is  on  atmospheric  species. 
Temperatures  at  which  measurements  were  made  are  listed,  as  well  as 
the  experimental  technigues  used  te  obtain  the  data,  and  appropriate 
references. 
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Table  20-17.  Excitation  and  deexcitation  rate  coefficients  or  cross  sections 
(continued) . 
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